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Preface 


The teaching of electrocardiography is a 
notably difficult task. Frequently the student 
is not offered an opportunity to visualize the 
mechanism of production of the deflections 
of the electrocardiogram and the changes 
which are produced in them by various influ- 
ences and lesions. It is the ambitious purpose 
of this book to attempt to flll the need for a 
visual method that is based on a knowledge 
of physiologic principles. It is hoped that it 
will aid the medical student and the practic- 
ing physician in interpretation of the electro- 
cardiogram with greater accuracy and secu- 
rity. 

The visual presentation of the formation 
of the QRS complex of the electrocardiogram 
requires some notion of the order in which 
the various parts of the ventricles become 
excited. Direct human investigation being 
impossible, the writer, with Ashman, under- 
took to formulate a hypothesis. Alt of the 
evidence available from animal experimenta- 
tion and the observed anatomic characteristics 
of the human heart were employed to modify 
Lewis' original hypothesis and to develop it 
into three dimensions. Bayley’s thinking and 
teaching played no small part in inspiring 
this effort. 

There is no direct evidence derived from 
work on the human heart that the wave of 
excitation follows the path which has been 
hypothesized. However, when a problem does 
not lend itself to direct attack one must be 
content to speculate on it within the frame- 
work of (he known facts; the hypothesis thus 
formed is then tested against the observed 
phenomena. Extending this further, one at- 
tempts to make predictions on the basis of 
the hypothesis. The manner in which flie 
hypothesis is found to flt the observed facts 


and the accuracy of the predictions are the 
only “proofs" which can be obtained. 

Nature performs with distressingly great 
frequency a series of human experiments for 
us. Infarction occurs spontaneously in a great 
variety of myocardial locations. Autopsies 
furnish opportunities to test the hypothesis, 
particularly when tracings before and after 
infarction are available. It is doubtful that 
the value of the evidence would be enhanced 
if the location of the infarct were chosen 
deliberately and the infarction accomplished 
by ligature so that the data might be regarded 
as resulting from experimentation. No experi- 
ment devised by man could be as free from 
extraneous technical influences. No experi- 
mental finding recorded since establishment 
of our hypothesis is at variance with it. Prinz- 
metal’s findings that the endocardial layers 
of (he ventricle seem to produce little electri- 
cal effect do not deprive the remainder of the 
ventricular wall of the ability to be excited 
from within outward, even if we assume that 
dog and man are alike. Durrer’s recent find- 
ings on dogs are confirmatory, as are those 
of Sober. The more recent finding that pol- 
arity of the membrane is reversed during 
activation does not materially affect the pre- 
sentations or analyses contained in this book. 

For thirteen years this visualization of the 
path of the wave of excitation has been an 
important part of our basis of thought in 
electrocardiography. We have found it to fit 
most of the observed electrocardiographic 
data, and it has been an important visual aid 
in the teaching of electrocardiography. 

The presentation in this book follows con- 
ventional electrocardiographic theory as or- 
iginated by Lewis, Wilson, Ashman, and 
Bayley. Conventional standard limb leads, 
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and unipolar limb leads, are presented as 
projection of the derived spatial QRS loops. 
Precordial leads are derived by the solid 
angle method. 

If and when an accurate method of spatial 
vector recording is found, we believe that 
the spatial analyses as developed h»e will 
be found to hold very well. 


The author has included in this book only 
that documentation considered to be essential 
in a volume of a clinical nature. For com- 
plete references the reader is referred, to the 
monumental work by Lepeschkin. 

M. G. 


New Orleans 
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Dej3.ections of the Electrocardiogram 


The electrocardiogram is a record of the dif- 
ferences of potential produced between vari- 
ous points on the surface of the body by the 
electrical phenomena accompanying the heart 
beat. With each cardiac cycle a distinctive 
series of deflections or waves appears on the 
record. The ordinates represent the magnitude 
of the potential at every instant during the 
heart beat and the abscissae represent time. 
Upward deflections of the trace (above the 
base line) are positive while downward de- 
flections are negative. Figure 1 illustrates the 
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Fic. 1. Deflections and intervals of the clec' 
trocardiogram. Conventionally the ordinates 
represent the potentJal at such standardization 
that 10 mm. = 1 millivolt. The abscissae repre- 
sent time; 1 mm. = .04 second. 

designations assigned to the various “waves” 
and other characteristics of the electrocardio- 
gram that are commonly measured in clini- 
cal electrocardiography (though rarely docs a 
single lead show all of these waves). 

The first deflection of the trace results from 
auricular activity and is known as the P wave. 
Following this is the frequently depressed 


P-Q segment which extends from the end of 
the P to the next deflection, Q. The time from 
the beginning of the P wave to the end of 
the P-Q interval is known as the P-R inter- 
val. Following this there is a series of more 
rapid deflections: An initial downward (nega- 
tive) deflection is called a Q wave. The first 
upward (positive) deflection — whether or not 
preceded by a Q — is known as an R wave. 
The downward deflection which follows an 
R wave is called an S wave. If a second posi- 
tive deflection follows an S wave it is called 
R' and if a negative deflection follows an R' 
it is called an S'. The entire rapid series of 
deflections which follows the PR interval is 
known as the QRS complex. The QRS com- 
plex is related to ventricular activation. 

Following the QRS complex there is usu- 
ally an isolectric or nearly isolectric interval 
known as the RST segment which ends at the 
point at which the broad T wave begins. The 
T wave is due to electrical effects associated 
with the latter part of ventricular systole. 
Following the T wave there is occasionally 
seen a U wave of unknown significance. 

The Q-T interval is measured from the be- 
ginning of the QRS complex to the end of 
the T wave. 

The clinical analysis of electrocardiograms 
employs, among other methods, careful meas- 
urement of the magnitude and duration of 
the various waves and the duration of the 
intervals. Tables of the normal values of the 
magnitude and duration of these characteris- 
tics of the electrocardiogram are furnished in 
the appendix. The detailed analysis of the 
various deflections of the electrocardiograms 
and of their relation to one another consti- 
tutes the greater part of the subject of this 
book. 



1. Electrical Phenomena of the Heart 


When a compound such as sodium chloride 
is dissolved in water there is a dissociation 
of the molecules into the component atoms 
according to the formula: 

NaCl=Na*, Cl' 

The plus and minus signs in the formula 
indicate that the sodium atom in dissociation 
carries a positive charge of electricity (lacks 
one electron) and that the chloride atom in 
dissociation carries a negative charge of elec- 
tricity (carries one extra electron). Such elec- 
trically charged atoms arc called ions. Com- 
pounds capable of such dissociation are called 
electrolytes. 

Since the body fluids, both intra- and extra- 
cellular, contain quantities of electrolytes and 
these take part in many biologic processes, it 
should not be surprising to learn that some of 
these biologic processes are accompanied by 
measurable electrical phenomena. 

As a matter of fact, the hrst electrical phe- 
nomena studied by man were derived from 
solutions of electrolytes. The poles of the 
voltaic cell (the first “wet cell” battery) de- 
rived their electrical charges from the ions 
of a strong electrolyte, sulfuric acid. 

H 2 S 04 = 2 H‘, 50*= 

Through chemical action the positive pole 
(copper) of the cell derives its positive charges 
from the H* ions and the negative pole (zinc) 
derives its negative charges from the S 04 = 

Potential and Difference of Potential 

If the positive pole of a voltaic cell is con- 
nected to the negative pole by means of a 
conductor a current of electricity will flow 
between them. Conventionally the cuirent is 


regarded as flowing from the postive pole to 
the negative pole.* This flow of current from 
the positive pole to the negative pole is re- 
garded as the result of a greater electrical 
“pressure” or potential at the positive pole. 
The force which propels the current and 
which derives from the difference in the elec- 
trical pressure which exists between the two 
poles is known as the electromotive force 
(E.M.F.). It is measured by the difference in 
potential (P.D.) between the two poles. 

The instrument employed in the measure- 
ment of potential differences and potentials is 
the galvanometer. The unit of measurement 
of potential difference is the volt. The elec- 
trocardiograph is a specialized recording gal- 
vanometer. The galvanometer not only meas- 
ures the magnitude of the potential difference 
between the two objects to which it is con- 
nected but also indicates which object pos- 
sesses the higher potential. The needle or 
stylus accomplishes this by swinging above 
the zero mark (base line on EKG's) if the 
flow of current is in the one direction and 
below the zero mark if the flow of current 
is in (he opposite direction. 

Thus, if we connect the positive pole of a 
battery to the negative pole through a gal- 
vanometer the indicator will show a difference 
of potential of +6 volts. If we reverse the 
connections the reading will be —6 volts. It 
is therefore necessary for the terminals of 
the galvanometer to be labeled + and — re- 
spectively so that we will know to what direc- 
tion the current is flowing through the instru- 
ment. Usually commercial instruments are 
lalKled in such a manner that when the “posi- 

* TTiis convention persists though it is now held 
that electrons flow from the negative to the 
positive pole. 
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tive” terminal of the galvanometer is con- 
nected to the positive pole of a battery the 
reading is positive. When the positive termi- 
nal is connected to the negative pole of the 
battery the current flows in the opposite direc- 
tion and the reading is negative. In making 
Lead I of the electrocardiogram, if the right 
and left arm electrodes are reversed the trac- 
ing will show all the deflections accurately 
but “upside down." 

It IS important to remember that if the ter- 
minals of a galvanometer are connected to 
the two poles of a battery and the di^erence 
of potential recorded is, say, 6 volts nothing 
has been learned of the actual potential at 
either pofe: for €~0=+€, t2—6=+6, 3— 
(-3)« + 6 and, -6- (-12)* + 6. A cur- 
rent will flow from a point of higher positive 
potential to a point of lower positive potential 
and likewise from a point of less negative to a 
point of greater negative potential, in the lat- 
ter case just as air will flow from a jar con- 
taining a partial vacuum to another jar con- 
raining a more nearly compiete vacuum if the 
two are connected by means of a tube. 

It is possible to record the actual potential 
at a point on the body if one connects the 
other terminal of the galvanometer to a point 
on the body of zero potential. Wc employ 
the "central terminal” in clinical electrocar- 
diography as a supposedly zero potential. This 
will be described later. 

In electrocardiography records of the po- 
tential at a point on the body made by con- 
necting that point through a galyanometer to 
the central terminal are called ttrtipoiar leads, 
and records of the diilerence of potential be- 
tween any two points on the body made by 
connecting these two points through a gal- 
vanometer are called bipolar leads. 

Potentials Produced by a Dipole In a 
Volume Conductor 

If the tips of two insulated wires leading 
from the poles of a battery are placed in a very 
dilute solution of an electrolyte the solution 
will act as a conductor of the current, which 
will flow from the positive pole to the negative 


pole. The lines of flow that the current fol- 
lows in the solution are indicated in Fig. 2. 
Their general distribution is similar to that 
of the lines of magnetic flow produced in air 
by a bar magnet. The potentials existing at 
Various distances and in various directions 
from the dipole are of interest to us in elec- 
trocardiography because the potentials that 
result from the dipoles in the myocardium 



Fio. 2. Lines of current flow for a dipole 
Immersed in a volume conductor. The equipo- 
tenlb! lines are perpendicular to the lines of 
Current flow. 

must be studied by placing electrodes on the 
body at some distance from the heart {for 
obvious reasons). The body is commonly re- 
garded as behaving in this regard as if it were 
a volume of a solution of electrolytes. 

In discussing the potentials that arc found 
in the solution at various points it will be 
advisable to employ a device that serves to 
simplify the representation of the forces under 
discussion. For centuries it has been found 
convenient to represent forces by means of 
the arrow symbol. The direction in which the 
arrow points indicates the direction of the 
forces and the length of the arrow is em- 
ployed to Indicate the magnitude of the 
forces. Such arrow symbols are called vec- 
tors. Conventionally electromotive forces or 
differences of potential are represented by 
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Fig. 3. Electrical field atx>ut a dipole immersed in an infinile volume 
conductor. The solid arrow £*. of magnitude 2 units, represents the potential 
at a point which lies on the axis of the dipole (AB) and is one unit distant 
from the midpoint of the dipole. The dashed arrows labeled £* are transla- 
tions of F to points X and y which lie on the lines drawn at 30* and 60* 
angles respectively to the axis (AB) of the dipole and which are one unit 
distant from the midpoint of the dipole. The potentials at the points x and y 
are indicated by (he length of the arrows Kx and I'y, obtained by dropping 
perpendiculars from F to the lines joining the points x and y to the midpoint 
of the dipole. 

The solid arrow F* of magnitude one half unit represents the potential at 
a point on the axis. AB. of the dipole which is 2 units distant from the mid- 
point of the dipole. Its magnitude is one quarter that of F because the 
potential varies inversely with the square of the distance. The potential at 
points that lie upon the lines 30* and 60° and which are at 2 units distance 
from the dipole may be constructed just as was done for the points which 
are at 1 unit distance. 


vectors pointing from the point of lower po- 
tential lo the point of higher potential. 

When we study the potential at all points 
in the solution about the dipole described 
above we find that a plane placed perpendicu- 
lar to the line joining the two charges and 
bisecting that line divides tbe solution into 
a positive and a negative field. Thus, in Figs. 
2 and 3 all points to the right of this plane 
(shown in Fig. 3 as a line CD) are found to 
have a positive potential and all points to the 
left are found to have a negative potential. If 
we measure the magnitude of the potential in 
both the positive and the negative fields at 
points along tbe line AB drawn through the 


two poles of the dipole we find that the mag- 
nitude of the potential, whether positive or 
negative, diminishes rapidly as we move away 
from tbe center of the dipole and beyond 
either pole. The magnitude of the potential 
is inversely proportional to the square of the 
distance from the midpoint of the dipole. In 
other words, if the potential at one unit dis- 
tance from the dipole is 2 volts, at two units 

1 1 

distance it is 2x = — volts. 

2x2 2 

If we measure the potentials at points along 
a line drawn through the center at an angle 
lo the line AB (the axis of the dipole) we find 
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Fia. 4. ConstniclioQ of the direction and relative magnitude of the 
E.M.F. of a dipole, given the potential at two points in ibe field at equal 
distance from the dipole. 

The magnitude iVL) of the potential measured at L is laid off on the 
line laming the dipole midpoint to L and Ibe magnitude of the potential at 
R is laid off on the line joining R to the dipole midpoint. Perpendiculars are 
erected at the ends of each of these proved magnitudes. The intersection 
of the perpendiculars locates the arrow tip, and the midpoint of the dipole 
represents the origin of the vector that represents the direction and mag- 
oftude of the E M F. that produced the potentials recorded at R and L. 

It is important to point out that when the potential at an electrode is 
negative (as at R above) it Is laid of! on the lead line so that it points away 
from the electrode If the potential is positive (as at L above) it is laid ofi 
on the lead line so that ie points toward the electrode. 


that the potentials along this line also dimin> 
ish with the square of the distance from the 
center of the dipole but that they are uni- 
formly smaller in magnitude than the poten- 
tials found at points on the line AB at cor- 
responding distances. The relationship be- 
tween the potentials at corresponding dis- 
tances on the two lines is the cosine of the 
intervening angle. Thus, to determine the 
potential at a point (say, x. Fig. 3) lying on 
a line which makes an angle of 30 degrees 
with the axis AB of the dipole we need only 
to multiply the potential at a point which is 
is on the line AB and at the same dtstanee 
from the center of the dipole by the cosine of 
the intervening angle. This is accomplished 
geometrically by dropping perpendiculars 


from the ends of the vector representing the 
potential at that distance on the line AB to 
the line (30 degrees) upon which the point 
in question (x) lies (see Fig. 3, dotted E’), 
This is called projecting the vector. 

It is readily seen that the greater the angle 
betvveen AB and the line upon which tht 
point lies the smaller will be the potential 
at that point; at a point C, on the line CD 
at 90 degrees to the axis of the dipole the 
potential is zero. 

This knowledge of the electrical field about 
a dipole immersed in a conducting solution 
permits us to plot in a very simple manner 
the potential differences which will be re- 
corded between any two points in the field 
produced by that dipole. 
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Vector Analysis 

Figure 4 shows the system represented in 
Fig. 3 with E' transferred to the center of 
the dipole and with perpendiculars dropped to 
the lines connecting the midpoint of the 
dipole to points R and L. This practice 
of using E' at the center of the figure as if it 
were E (of figure 3) is necessitated by the 
fact that clinically we can only measure _£ 
in terms of its effect at a distance from the 
heart (£')• 

In Figs. 3 and 4 measurement of the poten- 
tial at point L (or R) involves measuring 
the difference in potential between the point 
L (or R) and the midpoint of the dipole, for 
this latter point is at 0 potential. It is for this 
reason that in the geometric representafton the 
lines for the unipolar leads VR and VL are 
drawn from the center of the figure to the 
point at which the potential is measured. 

In clinical electrocardiography, by revers- 
ing this maneuver, we can deduce the direc- 
tion and relative magnitude of the electro- 
motive force of the heart (£'. Fig. 3) by 
recording the potential at the points R and 
L, laying oS these values on the lines con- 
necting the center zero point to R and L 
respectively, and giving them the same point 
of origin (the center). Perpendiculars are 
then constructed at the extremities of these 
transferred projections (dotted lines of Fig. 
4). The point of intersection of these per- 
pendiculars defines the vector £', which rep- 
resents the direction and relative magnitude 
of the E.M.F. that produced the potentials 
measured at R and L. This will be accurate 
only if the points R and L are equidistant 
from the dipole under investigation. 

Usually in clinical electrocardiography we 
measure the potential at a third point F in 
addition (Fig. 4), so that we have three 
leads. Since these leads arc measured between 
a point of zero potential and the points R, L, 
and F they are unipolar leads. R is the right 
arm, L is the left arm, and F is the left leg. 
The zero potential is theoretically achieved 
by employing the central terminal. 


It was Frank N. Wilson who first connected 
lead wires to each of the extremities (R, L, 
and F) and joined them to form the central 
terminal (Fig. 7). Originally each of these 
three extremities was connected to the com- 
mon or central terminal through 5000-ohm 
resistances. Today 100,000-ohm resistances 
are generally employed. Theoretically the 
potential of the central terminal is always 
zero under the idealized conditions which 
have been assumed in this presentation up to 
this point. 

The Standard Limb Leads of the electro- 
cardiogram are derived by measuring the 
difference of potential between ( 1 ) the points 
L and R (Lead 1), (2) the points F and R 
(Lead II). and (3) the points F and L (Lead 
III) (Fig. 5). 

In recording Lead I. the right arm and left 
arm are connected to the galvanometer in 
such a manner that a higher potential at the 
left arm produces a positive deflection. In 
recording Leads II and III the connections 
afe made in such a manner that a higher 
potential at the left leg gives a positive deflec- 
tion. The beginner should label his triangles 
as shown in the figure so as not to become 
confused. If we connect the three points R, 
L. and F by means of straight lines we have 
an equilateral triangle each side of which is 
one of the lead lines, as shown in the figure. 
This is the Einthoven triangl e. If a dipole 
is situated at the center (in the heart) which 
produces an E.M.F. of the direction and 
relative magnitude represented by the vector 
£, the differences of potential recorded on 
Leads I, II, and III can be derived very simply 
by dropping perpendiculan from the ends of 
the vector £ to the three sides of the triangle 
(see Fig. 5). It is seen that for the three 
standard leads perpendiculars from the mid- 
point of the dipole fall upon the centers of 
the lead lines, LR, FR, and FL. 

Conversely, if we record the difference of 
potential on any two of the leads, say Leads I 
and III, and lay these off on the corresponding 
rides of the triangle we can then erect perpen- 
diculars at the extremities of the projected 
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Fro 5. Consrruerton of (he direedon and relative macnilude of the 
E.M F. produced bjr a dipole given the potentials of Lead I and Lead HI. 

The potential recorded on the bipolar Lead 1 is laid oil on ibe line of 
Lead I (LR). The center point of (he line it zero If the potentiat on Lead I 
is positive It is laid off on IR so that it points to L; if negative it is laid off 
on LR so that it points to R The potential on Lead HI ts laid oft on the 
line of Lead III (Ft) and, given a negative deflection for this lead, it must 
be laid off so that it points toward L. Perpendiculars are dropped at the 
ends of the projected magniiodes and their intersection defines the direction 
and relative magnitude of the E.M F. which produced (he defleciioni. 


vectors thus constructed and employ the inter- 
section of the perpendiculars to define (he 
vector E of the E.M.F. produced by the 
heart (Fig S). 

If the direction of the electromotive force 
produced by the cardiac dipoles is not in (he 
plane of the triangle formed by (he three 
points on the body which we have chosen 
(the frontal plane) but is directed partly for- 
ward or backward, the vector representing it 
must be projected upon the frontal plane by 
dropping perpendiculars from it to (he frontal 
plane (Fig. 6). The projected frontal plane 
vector can then be re-projected upon the 
three sides of the triangle and upon the three 
unipolar lead lines which are in the frontal 
plane. Actually it is erroneous to say that 
this double projection is necessary. One might 


simply drop perpendiculars from the ends 
of the vector to the line of each lead. How. 
ever the method described above is much 
more easily visualized by most persons. Fur- 
thermore, much of our analysts of cardiac 
vectors in clinical electrocardiography can 
only deal with the troalal plane projections 
of the vector. 

If, in a problem involving vector analysis it 
becomes necessary to employ both unipolar 
and standard limb leads a mathematical cor- 
rection IS necessary to bring the two types of 
leads to the same standardization by mul- 
tiplying the unipolar lead deflection by 
(I.732).* The Goldberger unipolar lead 
aVt is made by disconnecting the electrode 

• See Appendix I. 
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I Fio. 6, Representation of projection of spa- 
tial vector upon the plane (frontal plane) of 
the Einthoven triangle and reprojection of the 
frontal plane vector upon the lines of the stand- 
ard limb leads. 

on the left arm from the central terminal 
when the right arm unipolar lead is made 
(Fig. 7). Leads aVp and aVj. are made in a 
corresponding manner. This increases the 
deSections by 50 percent. ^Vhile this is some 
23 percent less than the V3 correction the 
aV leads are defined here because they have 
been incorporated into most commercially 
available apparatus. 

Certain relationships of the deflections of the 
limb leads are of importance. For the standard 
limb leads the formula I+III=II (Einthovcn’s 
Law), is of especial importance in cbeclcing 
the technic. 

The sum of the potentials (at any instant) 
of the three unipolar limb leads must always 
equal zero. 

These relationships do not depend upon the 
equilateral triangle nor upon the assumption 
that the central terminal is at zero potential. 



Fic. 7. A is the Wilson central terminal. 
Wires from the right arm. left arm, and left 
leg are connected through 5000-ohm resistances 
to form a terminal which may then be employed 
as an indi/Terent or “zero" terminal. In the 
Rgure the galvanometer b recording the po- 
tential at the left shoulder (Lead Vl). 

B is the corresponding Goldberger Lead. aVu 
The central terminal is dbconnected from the 
left shoulder, increasing the deflection in the 
Lead (aVi) by 50 per cent over that obtained 
In A (Vt). 

Origin of Electromotive Forces in 
Heart Muscle 

The tissue cell, containing electrolytes and 
immersed in extracellular fluid also contain- 
ing electrolytes, is represented diagramatically 
by most workers to behave as shown in Fig. 
8. The Testing cell is regarded as having a 
layer of negative ions accumulated adjacent 
to the inner surface of its limiting membrane 
and a corresponding number of positive ions 
adjacent to the outer surface of the cell 
membrane. The explanation of this phenom- 
enon is extremely complex but seems to be 
related to the differences in the concentration 
of the several ions in the intracellular and 
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extracellular fluids. The pairs of oppositely 
charged Ions are, of course, dipoles. Each 
dipole is potentially a source of current flow 
(Fig. 8a). In the resting cell the integrity 
of the cell membrane furnishes sufflcient 
electrical resistance to prevent any current 
flow between the poles of the dipoles, and 
no diflerence of potential is recorded by the 
galvanometer. 

If we stimulate the end of the cell near 
A (Fig. 8b) the effect is to decrease the 
electrical resistance of the cell membrane in 
this area, to increase its permeability, and to 
depolarize (remove the dipoles from) it. The 
diminution of the electrical resistance of the 
stimulated portion of the cell membrane per* 
mits an electrical current to flow from the 
positive charges to the negative charges, for 
the intracellular and extracellular fluids are 
good conductOR. The lines of current flow 
are as indicated in Fig. 8e. The similarity 
between the pattern of the lines of current 
flow m this figure and that of a dipole orU 
ented as in Fig. 2 is readily seen. The cell now 
behaves electrically as if a layer of dipoles 
(dotted) were situated at the margin between 
the depolarized and the polarized portions of 
the ceil membrane (Fig. Sb). This layer of 
dipoles is of the same density as that on the 
membrane itself. 

The stimulus or excitation, once begun, 
proceeds across the cell at uniform speed, 
causing the dipoles to disappear, as explained 
above, in the new areas of the cell membrane 
which it invades (Fig. 8c). The electrical 
effect of the wave of excitation (represented 
by the dotted line) is the same as that which 
would be produced by a layer of dipoles 
moving across the cell (see dotted dipoles. 
Fig. 86 and c). 

When the excitatory process reaches the 
end of the cell near B the entire cell mem- 
brane has become depolarized (Fig. 8d). 
There are now no electrical charges, therefore 
no difference of potential exists bet'Hcen B 
and A and the galvanometer needle drops 
back to zero. It is seen that in recording tbese 
phenomena we have used a galvanometer 


which records continuously the difference be- 
tween the potential at B and the potential 
at A. The paper is moved at a constant speed 
by a driving mechanism while the needle of 
the galvanometer writes upon it the deflec- 
tions produced by the differences of potential 
that occur between B and A during the 
process described above. The electrocardio- 
graphic apparatus is just such a galvanometer. 

It is important to state that the type of 
curves shown in the figure will be obtained 
only if the electrodes are at a distance from 
the cell. More of this later. 

Depolarization of a Syncytium 

Figure 9 is a diagrammatic representation 
of the resting myocardial syncytium. This 
very much simplified diagram serves to give 
tis some visualization of what we believe hap- 
pens when heart muscle is stimulated. 

If we cause excitation along the edge of 
the syncytium near A the membrane here 
becomes depolarized and the situation be- 
comes that depicted in Fig. 96. The dipoles 
which are now unopposed by the ones that 
were wiped out now produce a difference in 
potential between B and A, in much the same 
manner as was shown for the single cell ex- 
cept that here there is more nearly an actual 
layer of dipoles situated at the site of the 
wave of excitation. 

As the wave of excitation passes over the 
syncytium toward B a succession of depolar- 
izations takes place. Figure 9c shows another 
stage. Actually, of course, we are dealing with 
a solid mass of syncytial muscle and the wave 
of excitation, which appears as a line in Fig. 
9b and c is really a surface and the row of 
dipoles which precedes it is a layer of dipoles 
(Fig. 9d). 

From this point on we shall think of the 
wave of excitation as a surface passing 
through the muscle carrying posiiive charges 
on its front and negative charges behind. As 
It moves through the muscle it ts always pro- 
gressing in the direction toward which the 
positive charges point. 

The vector representing the electromotive 



c 


d 



FiQ. 8. Simplification ot representation of a 
muscle ^I. Dotted portion of cell membrance 
is depolarized. The dotted djpoles represent the 
electrical effect of the field produced by the 
stage of depolarization seen. 

e shows the lines of current flow for Fig. 8 b. 
Note that such lines of current flow produce 
an electrical field as if the dotted dipoles of 
Fig. 8 6 were present. Compare with Fig. 2. 
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Fio, 9. Depolarization of a Syncytium. The simplified diagram shows that 
depolarization (beginning all along left margin) produces an cfTect as if a layer 
of dipoles were moving through the muscle mass. 


force produced by a dipole is conventionally 
drawn from the negative toward the positive 
pole. It follows that the direction of the elec- 
tromotive force produced by a flat wave of 
excitation is perpendicular to the surface of 
the wave and points in the direction cl the 
positive charges. 

Depolarization of a Spherical Mass of Muscle 

If we have a sphere of muscle immersed in 
a solution of electrolytes (Fig. 10) and we 
cause excitation at the point P, the wave of 
excitation will spread out In all direcdons 
from the point P and will progress across the 
sphere toward B. The surfaces x, y, z, and &, 
which are saucer-shaped, represent the wave 
of excitation in four of the successive posi- 
tions that It occupies as it moves toward B. 

It js seen that the wave of excitation be- 


comes larger as it approaches the middle of 
the sphere and then becomes smaller again 
as it approaches the outer surface of the 
sphere near B. 

This figure affords us an opportunity to 
discuss a few important things about the waye 
of excitation and the electromotive force 
produced by it. It is generally assumed that 
electrolytes are homogeneously distributed 
throughout healthy cardiac muscle and, there- 
fore, that a wave of excitation passing through 
a mass of such muscle will have its dipoles 
uniformly spread over its surface. Any wave 
of excitation passing through such muscle, 
therefore, must carry on its surface the same 
number of dipoles per unit area of that sur- 
face. Since the magnitude of the electro- 
motive force produced must depend upon 
the total number of dipoles on the wave of 
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Fro. 10. Depolarization of a sphere of muscle. Depolarization, starting at a point on the 
left, proceeds in all directions at uniform speed. The wave of excitation assumes the successive 
forms X, Y, Z, and & and produces the corresponding deflections on the galvanometer. 


excitation it is clear that the magnitude of the 
electromotive force produced by a flat wave 
of excitation is proportional to the area of 
the wave of excitation. This holds at any 
electrode distance that is applicable in clinical 
electrocardiography. 

Only injured muscle contains fewer dipoles 
in some areas than others. There is no justi- 
fication for the assumption that hypertrophied 
muscle contains a greater concentration of 
dipoles than does normal muscle. 

Depolarization of a Bowl-shaped Mass 
of Muscle 

We are now ready to proceed to more 
complicated forms. Figure 11 represents a 
mass of cardiac muscle in the shape of a 
bowl whose walls are of uniform thickness 
throughout. If we cause excitation of the 
entire inner (endocardial) surface of the bowl 
af the same time, the wave of excitation will 
immediately assume the shape of the inner 
surface and will be bowl-shaped also. As 
the wave of excitation moves at uniform 


speed through the thickness of the walls of 
the muscular bowl it retains its bowl shape; 
it simply expands in size (Fig. l\b). Be- 
cause he has found it extremely useful in 
helping students to visualize the subject the 
author will now introduce the device shown 
in Fig. lie. It consists of cutting away half 
of the muscular bowl in the figure so that 
the wave of excitation and its relation to 
the muscular walls can be seen more clearly. 
Figure lie and d shows how the wave of 
excitation in the shape of an expanding bowl 
approaches the outer surface of the muscular 
bowl. Since the walls of the bowl are of uni- 
form thickness the wave of excitation reaches 
the outer surface at all points at the same 
time and disappears. 

Here the wave of excitation is not a flat 
or near-flat surface and we need, therefore, 
to consider the direction and the magnitude 
of (he electromotive force which it produces 
in a manner different from that which has 
been employed heretofore. Let us first con- 
sider a simplified diagram derived from the 
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Fto. 11. fl h a bowl'shapcd tnass ol muscle 
the entire inner surface of which is excited 
simultaneously, producing a bowl-shaped wave 
of excitation as shown in 6. c shows the same 
state of atTairs represented in b employing the 
device of cutting away one half of the ^w| but 
leaving the wave of excitation intact This de« 
Vice and stippling of the undepolarized portion 
of the muscle makes vfsualizatron of Che process 
clear. <f is a later suge of depolarization. 

cut surface of Fig. 11 presenting it as Fig. 
12<2. In this figure the dipoles a and o', b and 
b‘, c and o', and d and d' will be considered 
in pairs. The first pair, a and o' are readily 
seen almost to neutralize one another. The 
potentials produced by each of the succeed- 
ing pairs of dspales see dWermoted by the 
parallelogram of forces. The vectors repre- 
senting the dipoles b and b' are drawn with 
the proper angle between them and the 
parallelogram is completed using these two 
vectors as sides as shown in Fig. 12b. The 
diagonal R then indicates the direction and 
the magnitude of the resultant force. 

If we repeat this process with the pairs of 
dipoles c and o' and d and d' we find that 
as we approach the apex of the figure (I2ii) 
the resultant for each successive pair of di- 
poles is larger but that it retains the same di- 
rection. Thus, the sum of the resultants of 


all of the dipoles of Fig. 12a must have a 
direction perpendicular to the line xy (Fig. 
12c). 

If can further be shown that the magni- 
tude of the resultant force of Fig. I2a will 
be the same as that derived from a distribu- 
tion of dipoles along the line xy of fhe same 
density as that along the curved wave of 
excitation which it bridges. 

Similarly, it is true that in the case of a 
solid, as represented by Fig. 12d the resultant 
electromotive force is of a direction and mag- 
nitude identical to those that would be de- 
rived from a fiat wavefront situated in the 
plane drawn through the free edge of the 
bowl-shaped wave of excitation and limited 
in extent by that edge. Its extent and form, 
as shown in Fig. 12d, is best represented by 
fitting a lid to the free edge of the wave of 
excitation of Fig. II (a, b, c, and d). In 
the drawing ]2d a section is cut out of this 
lid to clarify its relations to the wave of 
excitation and Co the muscle wail. 

It can be seen that when the wave of ex- 
citation moves toward the outer surface of 
the structure represented, this lid becomes 
larger and larger. Therefore, the electromo- 
tive force represented by the vector in Fig. 
II becomes correspondingly greater and 
greater until the wave reaches the outer sur- 
face. At this time the wave and the electro- 
motive force suddenly disappear. 

Thus, from this point on we shall follow 
the rule that the magnitude of the electro- 
motive force produced by a wave of exam- 
iion of any shape is proportional to the area 
cut off by its free margins on a plane passed 
through Us free margins, and its direction 
is perpendicular to this plane. 

Figure 13 represents a bowl-shaped mus- 
cular structure with one wall (the one nearer 
the reader) thinner than the others. If excita- 
tion of the entire inner surface occurs it is 
clear that the wave of excitation will reach 
the surface first where the wall is thinnest, 
for we have assumed that the wave of ex- 
citation moves with uniform speed in healthy 
muscle. Thus, when the wave of excitation 
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Fio. 12. Vector analysis of depolarization of the bowI>shaped mass of 
muscle of Fig. 1 1. 

has progressed about halfway through the resented by vector R, is determined by apply* 

rest of the walls of the structure of Fig. 13 ing the principle of the parallelogram of 

it will have arrived at the surface and begun forces. It should be noted that an important 

to disappear in the thin wall nearest the effect of the "defect” which appears in the 

reader. Tl^e effect of this is to produce a wave of excitation in Fig. \ic is that it 

“defect" in the bowl-shaped wave of excita- caused a change in direction of the elcctromo- 

tion (Fig. 13c). The wave of excitation now live force. Thus, in Fig. 13a and b the elec- 

has free margins in two planes instead of one. Iromotive force represented by the vector M, 

The effect of this "defect" in the bowl- is becoming greater but it remains in the 

shaped wave of excitation is determined in the vertical direction downward. However, when 

same manner as was done for the upper the wave of excitation reaches the surface of 

margin in Fig. 12c and in Fig 11a, b, c, the thin near wall, the electromotive force, 

and d. A vector N is constructed perpendicu- represented by the vector R, swings to a 

lar to the plane of the defect. Its length or partly backward direction, and some time 

magnitude is proportional to the area in that later (Fig. 13d) its direction becomes even 

plane enclosed by the margins of the defect. more backward (away from the reader). As 

The origin of this electrical force can pos- the wave of excitation progresses outward it 

sibly be best explained by pointing out the reaches the surface of the surrounding 

fact that the disappearance of the wave in slightly thicker muscular wall and the defect 

the area of the defect leaves a corresponding becomes larger, and the vector N must also 

area of dipoles opposite this area unneu- become larger. The larger the vector N be- 

tralized. comes the more backward will be the direc- 

We now have two vectors, M and N, rep- tion of R. 
resenting the electromotive force produced Thus, depolarization of such a muscular 
by the wave front of Fig. 13c. The result- structure as shown in Fig. 13 produces an 

ant of these two electromotive forces, xep- electromotive force which varies both in mag- 
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nitude and direction. This is so directly ap* 
plicable to the human heart that the reader 
is urged to study it carefully. The similarity 
between Fig. ISe and Fig. 15. which repre* 
seats the wave of excitatioa in the left ven* 


Fto. 13. Depolarization of bowl-shaped mass 
of mucie with one thin wall (wall nearest 
reader). The wave of excitation is stipple shaded. 
The vector representing the E.M.F. produced 
during depolarization of this structure changes 
first in magnitude and then in direction during 
the process. In a and b the wave of excitation is 
bowl-shaped and the vector is constructed as for 
Fig. 11. In e the thin wall nearest the reader has 
been penetrated and a defect appears in the 
bowl-riiaped wave. M is the vector constructed 
for the area cut off on a plane passed through 
the free margin of the top rim of the bowl. N 
is the vector representing the area cut oS on a 
pbne passed through the free margin of the 
defect. R is obtained by adding N and M vec- 
torially. employing the parallelogram of forces, 
d is a later stage. For such a structure the vector 
representing the E.M F. produced by depolari- 
zation IS seen to change first in magnitude only, 
then in direction. 


tricle 0.04 second after the beginning of ven- 
tricular activation, should serve to indicate 
that Fig. 13 is designed to show something 
of what we shall find when we come to con- 
sider depolarization of the ventricles. 






2. Depolarization of the Ventricles 
The QRS Complex 


Our next step is to consider depolarization (0.005 second). It is quickly opposed but 

of the ventricles of the human heart. In so not neutralized by an even more scant and 

doing we must remember that the right ven- more patchy excitation on th e right side of 

tricle is very much thinner than the left ven- the septum. T he electrical effect at this stage 

tricle, that the int erventricular septum is at of the process of depolarization of the ven- 

least as th i ck as the thickest portion of t he tricks may be represented by a small vecto r 

fr ee wall o f the left vent ri cle and th at both '^::g ^^nting from left to right in Fig s. 14 and 15 
the interventricular septum and the free wall (0.005 second). 

of the left ventricle tend to taper in thickne ss About 0.01 s econd later the impulse has 
from base to apex so that the apex of th e reached th^ a^ces of the two ven(rieig.<_ and 

left ventricle is common ly no more than ha lf the network of distributing fibers, and con- 

as thick as the basal po rtion. It is also im- fluent waves of excitation are quickly formed 

portant to realize that the right ventricle is on the endocardial surface of the ventricular 

shorter than the left. ' apices as shown in Figs. 14 and 15 (0.015 

We assume that the exciting stimulus second). The waves of excitation on the two 

reaches the muscle of the ventricles^ through surfaces of the interventricular septum are 

the bundle of His and its branches. The more complete but are still not confluent, 

right and left main branches of the bundle The apparently greater extent of the right 

of His traverse the corresponding surfaces wave on the endocardial surface of the right 

of the interventricular septum giving but a few ventricle is due to the fact that th e impuls e 

twigs to these surfaces during their course. tr averses les s dista nce to rea ch a point o n 

The Jeft bundle gives off more twies to th e the l ateral wall o f the right v e ntricle than to 

left side of the septum t han the right bun dle reach a similar poi nt on the lateral wall of 

does to the right side of the septum . When the the le ft wntricle. The electrical effects of the 

two main branches of the bundle of His reach two waves of excitation on the opposite sides 

almost to the apices of the ventricles each of the septum tend to balance one another 

breaks up into a fine n etwork of fibers which and we will, therefore, construct a vector 

lines the rest of the endocardial surface of which represents jargely the two waves of 

the corresponding ventricle (th e _PurkiDie excitation on the endocardial surface of the 

network). apices. Actually, the wave of excitation is 

Thus when an impulse passes down the probably still more confluent on the left side 

bundle of His the first area to be excited of the septum than on _^e right side at this 

to an extent sufficient to produce any meas- stage and the rightward component of-the 

urable electrical effect will be the , left side. dirwtion of the vector representingJhis jtage 

Vj bf the interventricular septum ( Baylev). TTiis qf_activatlon is contributed to by this_effect. 

effect results from a sc^ and p atebv wa ve This vector, d rawn accordingjo the principles 

of excitation as sho wn in Figs. 14 and 15 laid d own m _Chapter_l , will be. a s sh own 
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in Figs. 14 and 15 (.0.015 second), almost 
perpendicular to the free margins of the 
waves of excitation which it represents and 
not of great magnitude because the waves 
are not very large. 

About 0.005 second later (0.02 second 
after the beginning of ventricular activation) 
the impulse has spread to produce waves of 
excitation that extend a considerable distance 
up the walls of the two ventricles. The por- 
tion of the wave of excitation in the apex of 
the right ventricle has already penetrated to 
the epicardial surface for it has little thick- 
ness to traverse and this has produced a hole 




Fig. 14. TTie waves of excitation are shown 
in two-dimensional diagrams representing lonp- 
tudmal sections through the heart. The waves 
of excitation in the interventricular septum at 
0 02 and 0 025 seconds are omitted for purposes 
of analysis because their electrical effects arc 
assumed to cancel one another. 

construction of vectors for each wave of 
excitation when two such waves are present at 
the same time is demonstrated, as well as the 
resultant vector. The dotted line is the spatial 
QRS loop. 


in the wave of excitation in the right ven- 
tricle. The two waves of excitation in the 
interventricular septum have become con- 
fluent in the neighborhood of the apex and 
have advanced sufficient distance through the 
thickness to have met at the apex of the 
septum where this structure is thinnest. At 
the same time the contiguous portion of 
the wave of excitation in the apical portion 
of the left ventricle has penetrated almost 
to the epicardial surface, the extent at any 
point depending upon the time of arrival of 
the impulse and upon the thickness of the 
ventricle at that point. The hole in the left 
ventricular wave of excitation as it appears 
in Figs. 14 and 15 {0.020 second), is actually 
the result of the meeting of the two waves 
of excitation in the septum. We may again 
regard the waves in the two sides of the 
septum as having little electrical effect because 
they balance one another. The electrical effect 


Fio. 15. The drawings show the lower half 
of the ventricular portion of a heart In semi* 
transverse position and counterclockwise rota- 
tion about its longitudinal axis as viewed from 
the apex. Six stages of the process of depolariza- 
tion of the veniricles are represented much as 
they were published by Gardberg and Ashman 
In 1943. The wave of excitation at each stage Is 
represented by the shell-Iike structure shaded by 
stippling. The spatial vector rcpreseriliag the 
clwlrical effect of the wave of excitation pres- 
ent at each stage of depolarization is shown 
as a cone-tipped arrow. A, .005 second affer 
beginning of activation; B, .015 second after 
beginning of activaUon; C, .020 second after 
beginning of activation; D, .025 second after 
beginning of activaUon, E, .040 second after 
beginning of activation; F, .060 second after 
beginning of activation. 

■Hie deflections of the limb leads of the elec- 
trocardiogram are also shown as they are de- 
veloped by the succession of cardiac vectors 

At those stages of activation in which two 
waves of excitation occur (0 025 second) tne 
spatial vector shown is the resultant of two vec- 
tors, each representing one of these waves or 


path described by the tip of the spatial 
as the process of depolarization proceeds and is, 
therefore, the spalial QRS loop. The most wm- 
nwn normal variations in the spatial QRS loop 
CKCur in the first and last portions It is not rare 
for these portions of the loop to be bent away 
from the general plane of the loop. 
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at this stage, then, may be regarded as being 
produced by two not very large waves of ex- 
citation, one in the left ventricle facing toward 
the left of the long axis of the heart, the 
other in the right ventricle facing toward the 
right of the tong axis of the heart. The result- 
ant force may be represented by a vector in 
the long axis of the heart as shown in Rgs. 

14 and 15 (0.020 second). 

At 0.025 second after the beginning of the 
activation of the ventricles the utuation is 
as represented in Figs. 14 and 15 (0.025 sec- 
ond). The impulse has reached the entirety 
of the endocardial surface of the two ven- 
tricles. The holes in the two waves of e.xcila- 
tifiD arp Jar^fJr due Jo xooeJio^ of the 
portions in the septum in a wider area, and 
(2) penetration of the waves of excitation 
to the epicardial surface in wider area, specif- 
ically, in the areas where the wave of 
excitation was first formed and where the 
ventricular wall is thinnest. The electrical 
effects of the two waves in the septum can- 
celing one another leaves us to consider the 
two large waves of excitation in (he free 
walls of the two ventricles. In Fig. 14 and 

15 (0.025 second) a vector is constructed 
for each of these almost oppositely directed 
waves and by employing the parallelogram 
of forces we find that the resultant may be 
represented by a rather small vector point- 
ing a bit to the left of the long axis of the 
heart. The vector for the wave of excitation 
in the free wall of the left ventricle is made 
larger than that for the right because, as 
the figure shows, the wave of excitadon is 
larger in the left ventricle than in the right. 

In the succeeding few hundredths of a 
second the wave of excitation in the ri^t 
ventricle becomes smaller more rapidly than 
does the wave in the left ventricle for the 
reason that the wall of the right ventricle 
is so much thinner than that of the left. Both 
waves are reaching the epicardial surface first 
in those regions where the waves appeared 
first. The effect thus produced is that the 
anterior edge of each wave is •‘retreating" 
toward the base more rapidly on the right 


than on the left. Because the wave in the 
right ventricle is becoming progressively 
Smaller in relation to the wave in the left 
the resu'tant vector becomes longer and 
fcnger and shifts progressively to a more 
hftward direction through these stages. 

At 0.04 second there remains only a basal 
narrow n'm of wave of excitation in the right 
Ventricle (if any) while a rather large wave 
remains in the left ventricle. Of the stages of 
excitation that we have considered this is 
the first in which there is a large wave in 
One ventricle unopposed by a large or mod- 
erately large wave in the other. It is at this 
stage, then, that the largest electrical effect 
riret/rj. The vccior which represents the eieo 
trical effect at this stage (Figs. 14 and 15 
tO.(W second)) is the longest that occurs dur- 
ing the depolarization of the ventricles, and 
its direction, as shown in the figures, is neces- 
^nly approximately at right angles to the 
l^ng axis of the heart. 

After 0.04 second the wave of excitation 
■ri tbe left ventricle becomes progressively 
sinalfer and points in a progressively more 
backward direction. At the same time only 
small waves are present in the right ventricle 
Dear the base and in the conus. Because the 
Conus IS a less purely muscular structure 
tiian is the right ventricle the conduction of 
the impulse is probably slower in this area 
and a wave might persist here longer than 
Would otherwise be expected.* At 0.06 sec- 
ond the situation is as depicted in Figs. 14 and 
1-5 (0.06 second) and following this the 
vector simply becomes smaller and smaller 
and points very slightly more and more back- 
ward until it finally fades away. 

It should not be necessary to point out 
that the margins of the waves of excitation 
arc not smooth lines as depicted in the dfaw- 
iOgs but are irregular and that they are 
fringed by a zone of spotty or nonconiluent 
activation. The use of the sharply demarcated 

•There is probably a great deal of variation in 
the electrical effects (in both magnitude and 
<Cf«efron> produced in this region. The author 
believes that at times the electrical efiects pro- 
difced in this region may be practically nil. 
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line in the drawings is justified by the sim- 
plification of the technics of drawing and 
the clarity that it lends to the presentation. 

Inscription of the Limb Leads of the 
Electrocardiogram 

If we project, in succession, all the vectors 
described in the preceding paragraphs upon 
the three sides of the Einthoven triangle in 
the manner described in Chapter 1 we can de- 
rive the three standard limb leads of the clini- 
cal electrocardiogram (Fig. 16, 0.005 second 
through 0.06 second). It is to be remembered 
that each vector must fint be projected upon 
the frontal plane before it can be projected 
upon the three sides of the triangle (see Chap- 
ter 1). In the figures the projection upon 
the frontal plane is accomplished by the per- 
spective employed in drawing the vectors 
(note foreshortening). It should be obvious 
that even a very long vector pointing straight 
backward or straight forward — that is, per- 
pendicular to the frontal plane — will have a 
zero projection upon that plane and will have 
no effect on the limb leads. 

In Fig. 16 (0.005 second) we note that 
the earlier activation of the left side of the 
septum is responsible for the beginning of 
the Q wave in Lead I and at the same time 
for the beginning of the R wave in Lead III. 
The Q in Lead I and the R in Lead IH are 
continued by the activation of the apices of 
tbe, two ventevctts as west m Fig. 16 (0.01 S 
second). The author believes that the apices 
of the two ventricles may at times be re- 
sponsible for most of the Q in Lead I (and 
R in Lead III). The ascent of R in Lead I 
and the descent of S in Lead III are pro- 
duced by the combined effects of the waves 
of excitation in the lateral walls of the two 
ventricles. At 0.04 second the apex of R in 
Lead I and of S in Lead III are simulta- 
neously produced by electrical effects largely 
attributable to the lateral wall of the leh 
ventricle. The same applies to most of the 
descent of R in Lead I and the ascending 
limb of S in Lead III (see Fig. 16, 0.06 sec-- 
ond). The relationship in time of the peak 


of R; and the depth of Sm is dependent 
upon the orientation of the heart. It will 
be seen later that they are not always si- 
multaneous. 

If we project, in succession, the same 
series of vectors upon the lines of Leads V^, 
Vl and Vp (see Chapter 1), we derive the 
QRS complexes of the three unipolar limb 
leads of the electrocaridiogram. 

The normal variations in the appearance 
of the limb leads are accounted for by varia- 
tions in the orientation (position) of the heart 
with respect to the body. This subject will be 
discussed in terms of the spatial QRS loop. 

The Spatial QRS Loop and Frontal 
Plane Loop; Rotations 

During activation of the ventricles the car- 
diac vector is constantly changing in magni- 
tude and direction. We have represented only 
a few of the stages in the process of depolari- 
zation and thus only a few of the vectors that 
occur. Although these may be sufficient to 
serve as a representation of the entire process 
it is obvious that an infinite number of stages 
occurs between any two stages that we have 
shown and. therefore, there is also an in- 
finite number of vectors. These may be repre- 
sented as in Fig. 17 if we give all of the 
vectors a common point of origin. The path- 
way described by the lip of the vector in its 
successive positions from the beginning of 
tbR acUvaUorv to end of process is 
called the spatial QRS loop. It u represented 
as the earthworm-like structure on the draw- 
ings of Fig. 15. It is seen that the long axis of 
this loop IS approximately perpendicular to 
the anatomic axis of the heart. 

The frontal plane loop is the projection of 
the spatial loop upon the frontal plane. In the 
drawings the frontal plane loop is the spatial 
loop as drawn in the plane of the paper. Ac- 
tually, for the spatial dimensions and direc- 
tions of the loop wp depend upon the optical 
illusion created by perspective, shading, and 
relation of the various parts of the loop to the 
drawing of the half-model of the heart. 

The reader may clarify the difference be- 
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Fio. 17. Th« idealized spatial QRS loop, 
drawn by the tips of the vectors as they occur in 
succession. The timing of the loop is indicated 
in seconds. 

H is the anatomic axis of the heart. 


tween the spatial vectors and loop and the 
frontal plane vectors and loop by placing a 
piece of thin white paper over (he drawing of 
the process of depolarization at 0.06 second 
(Fig. 15} and tracing the triangle, the vector, 
and the loop with a pencil. If we now com* 
pare this tracing, which is the projection of 
the loop and the vector on the frontal plane, 
with the drawing from which it was traced 
(and which retains the illusion of the third 
dimension) (Rg. IS, 0.06 second) he may see 
more clearly the distinction between the spa- 
tial and the frontal plant vectors and loops. 

It has thus been shown how the QRS com- 
plex of the electrocardiogram is produced. It 
has also been shown what the spatial QRS 
loop (vectorcardiogram) is, as well as the 
frontal plane loop or vectorcardiogram. The 
relationship between these should now be 
clear. 

The shape of the spatial QRS loop is not 
exactly the same for every norma] heart but 
we have reason to believe that it is remark- 
ably constant in its general form and pro- 
portions. There are variations especially at 
the beginning and at the ends of the loops, 
where, instead of remaining in one plane as 
shown In the drawings, the vectors may de- 
viate to one or the other side of that plane. 
Minor wigglings in and out of this plane are 
common in any part of the loop. Of course. 


the general form of the loop probably varies 
to the extent that it may be a bit wider or 
narrower in some persons than the form 
which is shown here. 

The anatomic relation of the spatial QRS 
loop to the long axis of the heart is an im- 
portant one. The long axis of the loop is at 
about a 90'* angle to the anatomic axis. It 
m ust be cl e ar to the reader that if the po si- 
tion of the h eart is changed the spatial ori - 
entation of the QRS loo p will be chang ed 
w ith it. Change in the spatial orientation of 
the QRS loop alters the frontal plane pro- 
jection of the loop and therefore the form 
of the QRS complexes of the limb leads. In 
Fig. 18 th e spatial loop is represented by the 
border of t he plastic ellipse and the plastic 
rod which supports it is the anatomic axis of 
the hea rt, t he small model of the venlric les 
will serve to clarify the orientation of t he 
heart in spa ce. Changes io the position _ of 
t he heart are gener ally referred to as rota - 
tions. Three va ri eties of rotations are usually 
described ; (1) r otation about a vertical axi s. 
(2) r otation about an anteroposterior ax is, 
and (3) rotatio n about the long axis of th e 
heaH— 

Rotation about the vertical axis refers to 
changes of the position of the heart which 
move the apex back or forward {posteriorly 
or anteriorly) with relation to the base. Long 
ago Pardee pointed out that some hearts are 
so oriented that the apex points a good deal 
more anteriorly than is the case in others. Ro- 
tation about the anteroposterior axis simply 
makes the heart more transverse or more ver- 
tical. Rotation about the long axis of the heart 
involves turning the heart about its long or 
anatomic axis. If we do this while looking 
at the apex of the heart from a point on an 
extension of the long axis below the heart we 
will see that we can term these rotations 
clockwise and counterclockwise depending 
upon whether we turn the heart in the same 
or in the opposite direction in which the hands 
of a clock move. With the heart in the sthenic 
or semitransverse position strong counter- 
clockwise rotation (Fig. ISa) produces a 
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Fio. 18. Tbc QRS loop shown in Fig 17 was cut out of 'A'-thick plastic and fastened to a 
rod representing the anatomic or long axis, H, of Fig 17. The rod extends upward past the 
loop so that a small model of the heart could be fastened to the end of the rod If the lower 
end of N Is held by a ring stand and clamp, a projector may be used to throw a shadow of the 
loop upon a triangle fasened (o a wall or held upright in a stand If the center of the lens of 
the projector, the zero point of the spatial loop, and the center of the triangle are arranged In 
a straight line perpendicular to the surface of the triangle the shadow of the loop which appears 
on the triangle Is the frontal plane loop. If the vecton of the frontal plane loop ere projected 
upon the three sides of the triangle (as was done m Pig 16) the standard limb leads of the elec- 
(rocardiogram are developed If these vectors are projected upon the medians of the triangle 
the unipolar limb leads are developed. 

b, c, d, e, and f show the effects upon the frontal plane loop and therefore upon the limb 
leads of rotation of the heart about the anatomic axis H in a clockwise direction Between c 
and d there is an intermediate position (or rotation) in which the shadows (or projection) of 
the edges of the spatial loop on the triangle are superimposed, a, b, and e are called counter^ 
clockwise rolatioos because if we begin with this intermediate position (between c and d) the 
heart must be rotated counterclockwise to sllain them. Conversely d, e, and / are called clock- 
wise rotations. 

The small curved arrows (solid tipped for the spatial loop) indicate the order of development 
of the successive vectors that make up tbe loop. 


QRS patterrt characterized by a Q wave in 
Lead 1, a fairly high R wave in Lead I, and a 
small R and a deep S in Lead HI. In the 
less strongly rotated hearts which are still 
counterclockwise (Fig. ISA and e) Si„ be- 
comes smaller, Rm becomes more prominent 
and of longer duration, Rj becomes larger 
and Qi becomes smaller as we approach the 


intermediate rotation (“no rotation”). As we 
continue the rotation in the same direction we 
note that even in the slightly clockwise rotated 
heart (Figs. 18d, 19&) a Q appears in Lead III 
while only a tiny or no Q is present in Lead 
I. R in III becomes higher, while R in Lead I 
becomes smaller and soon an S appears in 
Lead I (Figs. 18e, 19A). In the strong clock- 




Fia 19. The spatial QRS model held at eye level against a background upon which the 
triangle is drawn so that frontal plane projection can be visualized, a, b, and e correspond to 
Figs. 18c, d, and / respectively, d represents the spatial loop when anatomic axis is held as for 
transverse heart with apex back and rotated slightly clockwise about the anatomic axis, e 
represents the loop model orientation for a semi-transverse heart, slightly counterclockwise, 
with apex back, f is the orientation of the spatial loop when the heart is transverse, rotated 
clockwbe about the anatomic axis and with the apex forward. 
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wise rotation Rj is quite small, R,„ is very 
large and Si is prominent. It is obvious in 
such cases that the peak of Ri and the peak 
of R,ii ate not simultaneous. It is for this 
reason that it is generally said that clockwise 
rotation is characterized by a Q in Lead lU 
and an S in Lead I. If the reader will fashion 
a loop of cardboard and attach it to an ap' 
plicator or small dowel rod (Vi") in the 
manner shown in Fig. 18, he can, by holding 
it at eye-level against a background upon 
which be has drawn an equilateral triangle, 
study the effect of an infinite number of 
positions and rotations of the heart. 

Figure 19d shows the loop of a slightly 
clockwise, apex-back transverse heart. This 
position of the heart is common in stocky 
persons and in pregnant women. Figure 19« 
shows the loop of a counterclockwise apex- 
back semitransverse heart. It Is characteristic 
of the counterclockwise apex-back hearts that 
a pronounced S wave appears in all three stan- 
dard limb leads. Figure 19/ is an apex- 
forward clockwise-rotated heart with a more 
transverse anatomic axis than is seen in Fig. 
19e. 

The “rotations” of the heart represent not 
only variations in the positions of the heart 
from individual to individual but also varia- 
tions which may occur in the same indi- 
vidual under different circumstances. The 
posiqon of the heart changes with changes 
m the position of the body, and during or- 
dinary respiration. Ordinarily electrocardio- 
grams are made with the patient in the 
supine position. If the patient is lying just 
a little less than flat — either to the one side 
or the other or propped up a little — suffi- 
cient change in the position of the heart rela- 
tive to the body may occur to cause a 
“change" from a previous electrocardiogram 
to appear. Many errors in interpretation have 
been made on this basb. The change in the 
position of the heart thus produced is com- 
plex, being combinations of rotation about 
two or more axes. If the reader learns to use 
a model loop properly he can easily cstablbh 
that such dianges in the QRS complex in 


serial tracings are not of pathologic signifi- 
cance. The technic is described below. With 
regard to single electrocardiograms it b fairly 
safe to say that if one cannot find by trial 
and error a position of the loop such that 
projection on the frontal plane will account 
for the QRS complexes of the three Jimb 
leads, then that electrocardiogram is prob- 
ably in some way abnormal. Slight incon- 
sistencies must be disregarded. The reader 
should first practice with a group of knovm 
normals. If it is necessary to place the Jong 
axis of the heart in an impossible position 
e.g. pointing to the right or much more trans- 
verse than 0 degrees (horizon) to account 
for the QRS pattern then the electrocardio- 
gram is abnormal unless a definite displace- 
ment of the heart can be demonstrated. It is 
necessary jo permit considerable rotation 
about the anatomic axis to include most nor- 
mal tracings. This is because the electrical 
rotation as reflected on the limb leads is 
exaggerated. 

Technic of Analysis of Limb Leads 
by Means of the Model Loop 
Given the three standard limb leads of an 
electrocardiogram one should first construct 
the idealized frontal plane loop. This is ac- 
complished by measuring the various de- 
flections of each lead and laying them off as 
projections on the appropriate sides of the 
Einthoven triangle as shown in Fig. 20. The 
polarity of the various leads must not be 
confused (see Chapter 1). A perpendicular is 
then dropped at the end of each projec- 
tion into the interior of the triangle. These 
perpendiculars form the limiting extents 
of the loop in a number of directions. 
One begins to draw the loop at the 
center (zero) of the triangle. Since R„ Qn, 
and Qiii are the first deflections of the trac- 
ings shown the beginning of the loop must 
be a curved line which first touches (but does 
not cross) the lines drawn perpendicular to 
die ends of these pio\ecttons. It is seen there- 
fore that the loop must start to the right 
tourhing thc line perpendicular to the pro- 
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Fio. 20. Constructing the frontal plane loop 
from the limb leads. The peak values of all 
deflections of each lead are laid off on the ap- 
propriate sides of the Einthoven triangle. Per- 
pendiculars are dropped and the loop is drawn 
within the limits formed by these perpendiculan 
(see text). The model spatial loop can now be 
held at eye level and by trial and error the 
orientation is found which produces a projec- 
tion on the frontal plane like that of the con- 
structed loop. If the model loop is held in a 
mechanical stand parallel light can be used to 
throw a shadow on (be triangle drawn on the 
wall. Projection by this method is especially 
valuable is teaching. 

jection Qn, and then the line drawn per- 
pendicular to the projection Qm- Alternately, 
it may be drawn to the point at which the 
two perpendiculars intersect. It must then 
c\ir<e to lemain 'KUVan toe hTnito- 

tioDs of Qiii and reach the perpendicular to 
the projection of R], possibly at the point 
at which it is intersected by the perpendicu- 
lar to the projection Rn; then upward so as 
to remain within the limitation of Rhj. HnalJy 
it reaches the perpendicular to the projection 
Si from whence it turns back to the center. 

Of course the loop is frequently a wavy 
line. However, it is to be remembered that we 
are drawing an idealized loop. With some 
practice and attention to details idealized 
loops can be drawn which are satisfactory 
for clinical analysis. It is not to be denied that 
there are at times alternate forms but these 
are not frequently troublesome. 


After the frontal plane loop has been 
drawn one holds the model of the spatial QRS 
loop (grasping it by the anatomic axis) at 
eye level and finds, hy trial and error, the 
orientation of the spatial loop whose projec- 
tion upon the frontal plane produces the con- 
structed loop. A fairly close approximation 
of the anatomic axis of the heart results from 
this procedure. 

If one has two tracings on the same in- 
dividual which look different one constructs 
the frontal plane loop for each tracing and 
then finds whether the change from one 
frontal plane loop to the other can be pro- 
duced by changing the rotation of the loop 
about the anatomic axis (Fig. \9a~b) by 
making the anatomic axis more vertical or 
more transverse (Fig. 19e-/, or f~c), by 
making the anatomic axis more (or less) 
parallel to the frontal plane (apex back or 
forward, Fig. I9fl-e), or by various combi- 
nations of these changes. If this can be done 
the change from one tracing to the other may 
be nonpathologic. 

Ail six limb leads may be used in the same 
way but it must be remembered that the deflec- 
tions of Vn, Vl. and Vp must be multiplied by 
Vj before they are employed as projections 
upon the lead lines. 

Electrical Axis: Axis "Deviation” 

It has long been customary in describing 
electrocardiograms to note the general di- 
rection of the electrical effects as projected 
upon the frontal plane. Originally this was 
accomplished by laying off the peak vajues 
of the QRS potentials on any two leads on 
the appropriate sides of the Einthoven tri- 
angle and dropping perpendiculars whose in- 
tersection defines a vector as described for 
Rg. 5. The direction of this vector is called 
the electrical axis of the QRS. In Fig. 21 the 
peak value of Ri (12 mm.) is measured off 
on the line of Lead I (the horizontal side of 
the triangle) and the depth of S is measured 
off on the line of Lead III. Perpendiculars are 
dropped at the ends of these measured projec- 
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Fio. 21. Electrical axis of QRS plotted on the Einihoven triangle (i4) by 
plotting the peak potetsKais of Lead; I and III and (fi> by pJotling the mean 
potentials (area) of the QRS complexes of the same leads. 


tions and Ihetr intersection defines the 
vector A which is seen to have a direction 
of -30*. 

Later Wilson popularized the practice of 
measuring the mean QRS axis. To accomplish 
this one must first measure the areas ol the 
various QRS deflections in each lead giving 
each its proper algebraic sign and then 
add them. In Lead I of Fig. 21 the area of 
R (shaded) calculated according to the 
formula for the area of a triangle (V4xbase 
xa}iitude) = 14xl2xl.6=+9.6 units. The 
unit IS one small rectangle of the EKG paper. 
The Q wave has an area of about —0.6 unit 
(minus because It is a negative deflection). 


The addition of AQ* and AR=+9 units. The 
AQRSj, then is 9 units. If we measure the 
area of Snj we find that ASjit==Vixl.3x 
-l2=-7.8. ARm=^4 XI X3=+I.5. AQRSni 
=ASiii+ARiii=— 6.3 units. 

rf we plot these values for AQRSj and 
AQRS][| on the appropriate sides of the 
Einthoven triangle and drop perpendiculars 
we define the vector B as the mean axis of 
QRS (AQRS) on the frontal plane. The direc* 
lion of this vector is —10®. 

The figure shows the difference between 

* Bayley originated this designation for mean 
Tallies: A=aeea. 
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plotting the peak values and plotting the mean 
values of the QRS complexes. The most Im- 
mediately apparent superiority of Wilson’s 
method is that it avoids the error which oc- 
curs in the peak method when the latter is 
applied to tracings in which the peak values 
in any two leads are not reached at the 
same time. Obviously the plotting of in- 
stantaneous values which do not occur at the 
same time is unrealistic. 

If a QRS axis plotted as described above 
lies between -0* and —90® it is said to be 


deviated to the left. If a QRS axis lies be- 
tween +90® and 180® it is said to be deviated 
to the right. 

The same type of measurements and axis 
determination is applied to the T wave or 
any other deflection of the electrocardiogram. 

The mean spatial QRS vector is generally 
at right angles to the anatomic axis and its 
direction may be represented on the model 
of the loop by the 0.04 second vector of Fig. 
IS because this vector is also perpendicular 
to the anatomic axis. 
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3. The Precordial Leads 


Originally the precordial leads were made by 
placing an electrode connected to one pole 
of the galvanometer upon the chest wall near 
the heart while an electrode connected to 
the other pole of the galvanometer was placed 
upon a “distant” portion of the body. The 
latter electrode was called the “indifferent” 
electrode, for the magnitude of the potential 
changes at the distant point is relativeiy small 
as compared to the magnitude of the po* 
tentials at the point close to the heart. The 
electrode placed on the chest wall near the 
heart was known as the exploring electrode. 
Originally the “indifferent" electrode was 
placed upon the left leg and the exploring 
electrode was placed in the fifth interspace 
near the apex of the heart. The lead was desig* 
Bated Lead IV. In recording this lead it was 
customary to attach the left arm lead wire 
to the electrode on the left leg and the right 
arm lead wire to the precordial electrode. 
The complexes were recorded with the 
polarity reversed and all normal leads showed 
deep Q waves and inverted T waves. When the 
polarity of these leads was reversed and mul- 
tiple chest leads had been recommended by 
Wilson the left leg was still the most popular 
"indifferent” electrode. Such leads were desig- 
nated CF. Some employed the right arm for 
the “indifferent” electrode position. Leads 
made with the indifferent electrode on the 
right arm were designated CR. 

Wilson first suggested the connection of 
all three extremity electrodes (each ihrou^ 
a relatively large resistance) to a common 
point, and the employment of this central 
terminal as the indifferent electrode. Its po- 
tential was regarded as being about zero. 
While this assumption is now known to be 


erroneous it still remains the best indifferent 
electrode known. Leads made with the cen- 
tral terminal as an indifferent electrode are 
called V leads or unipolar leads. Convention- 
ally six precordial leads are made, the ex- 
ploring electrode being placed at the follow- 
ing positions: 

Vi in the 4th interspace at the right sternal 
margin 

V 2 in the 4th interspace at the left sternal 
margin 

Vj midway between Vj and 
V 4 in the 5th interspace in the midelavicular 
line 

Vj in the anterior axillary line at the same 
level as 

in the midaxillary line at the same level 
as V< 

In addition to these Vf, in the posterior 
axillary line, and Vg, in the scapular line at 
the same horizontal level as Vo, are occasion- 
ally used. 

In representing the limb leads, which are 
assumed to be recorded by equidistant elec- 
trodes that are not too close to the heart, 
vector analysis seems to be satisfacto^. How- 
ever, when we place an electrode upon the 
anterior chest wall 2-3 cm. from the heart 
it becomes impossible to employ vector analy- 
sis, at least without making correction for the 
distance. Furthermore, when there are two 
waves of excitation {one in the right ventricle 
and one in the left, e.g, at 0.025 second) it 
is possible to make errors resulting from the 
general assumption of single dipole repre- 
sentation (implied by setting up a single vec- 
tor) which wc have employed in analysis and 
synthesis of the limb leads. 

It has been assumed that the potential at 
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Fio. 22. Jn A, xy is i disc-shaped wave of exciuiion. P is an electrode. 

If lines are drawn from P to the margins of xj i cone is constructed. This cone is a solid 
angle. If a unit sphere is constructed about F as a center the previously described cone cuts oS 
an area of the surface of this sphere; this area is a measure of the solid angle. 

£ is a two-dimensional simplification of A. 


any point in a homogeneous medium is pro- 
portionate to the solid angle subtended at 
that point by the free margins of the wave of 
excitation. la Figure 22A, xy is & circular, 
flat wave of excitation. The potential at P 
is proportionate to the area on the unit sphere 
(inscribed about P) which is cut off by the 
cone which has xy as a base and P as an apex. 
Since solid figures of this kind are extremely 
•difficult to produce for waves of excitation 
which have the shapes described for those in 
the heart it is common practice to employ 
the simple representation shown in Fig. 22P. 
■Rere the solid angle is measured hy the arc 
a. This simplification is itself unsatisfactory 
unless the third dimension of the wave of ex- 
citation b kept in mind. 

Figure 23 represents the waves of excitation 
postulated for the human heart at 0.005- 
0.015 second. 0.020 second, 0.025 second, 
and 0.040 second, respectively. The waves of 
excitation at 0.005 second, and 0.015 second 
are placed on the same diagram. The first 
horizontal row of diagrams of the figure rep- 
resents the effects of the waves of excitation 
upon the electrode placed at the position, 
Vj.* The solid angle drawn to the small 
area of activation on the left side of the sep- 
tum at O.OOS second produces a small podtive 


deflection in Lead Vj. At (l.(7/5 second two 
solid angles are drawn, one to each of the 
waves of excitation present at thb time (one 
in the apex of the right ventricle, the other 
in the apex of the left ventricle). These solid 
angles are both small. One (left ventricular) 
is positive and the other (right ventricular) 
is negative. The net effect of the two solid 
angles is represented as aero. Obviously, how- 
ever, a slight change in the position of the 
heart may cause the net effect to become 
negative and a change in position of the 
heart in the opposite direction may cause it 
to become positive. The same effect would 
result from a slight change in the placement 
of the electrode. It is not surprising, there- 
fore, that there is variation in the duration 
of the R wave in Lead Vi of the electrocardio- 
gram. Furthermore, it is apparent that, if as 
activation proceeds there is a wavering of the 
balance between the effects of the two apical 
Waves of excitation, the potential at the elec- 
trode may be first positive, then negative, and 
then positive again producing a small notch 
in the R wave of the lead. Such notches are 
not uncommon in the R waves in Leads Vj, 
Vj, and at times in Vg. 

•At this point the reader should review Tig. 
14 which shows the orientation of the dipoles 
on each wave of excitation of Fig. 23. 




Fio. 23. A longitudinal transverse section through the ventricles Is seen from above. For each diagram the back of the body is above and the 
anterior surface of the body, where the prccordial electrodes are placed, is below. The heart is in an ape* forward position. The solid angles 
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At 0.020 second the solid angle to the wave 
in the right ventricle Is smaller than the solid 
angle to the wave in the left ventricle. The 
former is positive and the latter is negative. 
The net effect is slight negativity at Vj. How- 
ever, there is not a great difference In the 
sizes of Che solid angles and here, again, a 
small difference in the position of the elec- 
trode (or of the heart) may easily change the 
net effect. In the figures representing the 
waves of excitation at 0.015 second and 
0.020 second the waves of excitation in the 
septum are omitted because they are assumed 
to neutralize one another and because in- 
cluding them would thus, unnecessarily com- 
plicate the diagrams. At 0 025 second the 
positive solid angle to the wave in the right 
ventricle appears to be almost as large as 
the negative solid angle to the wave In the 
left ventricle. However, the difference would 
be greater if the figure had been represented 
in three dimensions, and the net effect, there- 
fore, is represented as definitely negative. At 
0.04 second there is virtually only one solid 
angle (the right ventricle Is almost completely 
depolarized at this time), and it is large and 
negative. Thus the largest deflection in Lead 
Vi is usually a deep S wave. 

The second row of diagrams of Fig. 23 
represents the potentials recorded at V* at 
the same times as those chosen for the analy- 
sis of Lead Vj. They are developed in the 
same manner as has been described above. 
The only special comment which is re<]uircd 
IS that although the solid angles at 0XfI5 
second appear large it is to be remembered 
that the waves of excitation at this time are 
rather small in all of iheir dimensions. A 
large three-dimensional solid angle, therefore, 
will occur only if the electrode is quite close 
to the heart. Since this electrode (V;,) is quite 
close to the apex of the interventricular 
groove and since in some patients the heart is 
quite close to the chest wall rather high R 
waves in V, are not unusual. Finally, since 
the position of the heart determines the re- 
lationship of the electrode to the waves of 
excitation, variation in the position of the 


heart determines the potential at the electrode. 

The third row of diagrams of Fig. 23 rep- 
resents the manner in which the deflections 
in the electrocardiogram recorded at V5 are 
developed. 

Thus, the most commonly encountered pat- 
tern of normal precordial leads shows the 
following characteristics: Vi is characterized 
by a small R wave of variable duration and 
a deeper S wave. The R wave becomes pro- 
gressively larger from V, to V3. The R wave 
in Vq is generally but not always smaller 
than in Vj, due to the greater distance from 
the heart. The peak of the R wave tends to 
occur at a later time as we move the electrode 
from Vi to Vo. The S wave is usually deeper 
in V. than in Vx and commonly becomes less 
deep as we move the electrode to the left. 
Usually it finally disappears or is small in Vo. 
Much variation occurs. 5 is sometimes absent 
in Vj, is more frequently absent in V^, and 
still more frequently absent in Vj, and most 
frequently absent in Vq. 

Some of the yanations in the normal pat- 
tern of precordial leads are due to variation m 
the position and rotation of the heart. Figure 
24 represents the effect upon the precordial 
potentials of an apex-back position of the 
hean. The most pronounced effect is the 
appearance of well-marked S waves in al] of 
the precordial leads. R in Vi may also be of 
very short duration. Correlation between the 
frontal plane loop which indicates the apex- 
back position and the precordial leads (with 
deep S waves in all leads) is seen. Commonly, 
too, with the heart in this position the R 
waves are of almost equal height from Vj 
through V-. 

In many normal persons the S in V, is 
quite small. This is presumably due to a com- 
bination of distance effect and rotation of the 
heart. It is often associated with clockwise 
rotation in vertical hearts. At times a normal 
Q in V4, V5, and V© may be as large as 5 or 
6 mm. 

In still other cases, especially in thin young 
adults and in children, the R waves in V4 and 
V3 are very high; 25 mv. is not rare. This 




IXD 


Fia. 2S. A, The preeordat electrode positions afraojed alon^ a borizonia] line at the level 
of the xiphisternal junction. 

B, The effect ot slight change la electrode posltloa upon the precordial leads. 


is probably due to the proximity of the heart 
to the chest wall in an apex-forward position. 
At limes the S in Vj and V 5 is very deep. 

Finally, in some cases the precordial leads, 
while in every other respect quite normal, are 
rather small. The explanation of this phenoin> 
enon is not immediately available. Some light 
may be thrown upon it by continued study of 
contour-eccentricity effects. Abnormally small 
deflections in the precordial leads will be 
taken up under the proper headings. 

The T waves in the precordial leads are 
usually highest in Leads Vg and V*. In Vi 
the T wave is positive in about 60 per cent 
of adult normals and negative in 40 per cent 
(Ashman). In children and many young 
adults, especially females, the T may be nega- 
tive m V 2 and V3. It is rare for it to be 
negative even in in young women. 

The repeated emphasis of the critical im- 
portance of the relationship between the posi- 


tion of the electrode and the position of the 
heart should not be forgotten. The impossi- 
bility of placing the electrode in precisely the 
same relationship to the heart in two succes- 
sive examinations of the patient makes it 
extremely important to realize that changes 
which appear in the deflections upon repeated 
examinations may be due to this factor rather 
than to changes in the heart. Changes in the 
limb leads due to changes in position of the 
heart resulting from unremarked changes in 
body position, to flatulence, etc., have been 
referred to in a previous chapter. The changes 
in the precordial leads due to the same factors 
and to the additional ddfleuity in placing the 
electrodes in the same relationship to the 
heart are more marked. A great many errors 
hare been made because of failure to realize 
that this is true. In general it is to be re- 
membered that interpretation of serial pre- 
cordtal leads is full of pitfalls. Figure 2S 
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illustrates the extent of the effect which may 
result from placing the electrodes only one 
electrode’s width higher or lower than on the 
previous examination. 

For these reasons the author began several 
years ago to place the precordial electrodes 
along a horizontal line across the chest at 
the level of the xiphisternal junction. Vj 
is made to the right of the sternum at its 
margin. V 2 is made at the left sternal margin. 
From Vj through Ve the electrode positions 
are adjacent to one another as shown in Hg. 
25. Ve is made in the left midaxillary line. 


Successive examinations on the same patient 
seem to yield more constant results with these 
electrode positions but the method does not 
obviate the difficulties outlined above in a 
very important degree. 

The foregoing description of the normal 
precordial leads has been limited to the con* 
veotional prccordial leads. Obviously an un- 
limited number of precordial leads can be 
made. However, it is found expedient to delay 
discussion of the normal precordial flndings 
over other portions of the chest until those 
problems upon which they bear are described. 
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4. T Wave; An Introduction to 
QRS-T Relationship 


Origin and Shape of T Wave 

We have seen that the QRS complex is 
produced by the electrical efTects of depolar- 
ization of the ventricular myocardium. Fol- 
lowing depolarization the muscle is returned 
to the resting state by metabolic processes 
that cause the dipoles to reaccumulate across 
the cell membranes. These metabolic processes 
are much slower than the electrophysical 
changes that characterize depolarization and 
repolarization therefore requires an elapsed 
time many times that required by depolariza- 
tion, It follows that this process cannot be 
represented as a single wave passing over the 
muscle as was done for depolarization. Figure 
26 shows a segment of left ventricular wall 
represented (in an extremely simpIiHed dia- 
grammatic manner) by four fibers. The fibers 
are shown undergoing depolarization and then 
repolarization. For the latter process U is 
assumed, in this figure, that repolarization 
begins where depolarization began and that 
the rate or time course of repolarization is 
uniform in all the fibers. The tracing shown 
at the right is for the potential at an electrode, 
P, at such a distance from the wall of the 
ventricle that there is little difference between 
the solid angles drawn to the endocardial and 
epicardial fibers. It is seen that although 
repolarization begins at the endocardial sur- 
face (Fig. 26d) , soon (Fig. 26e) the process 
IS going on throughout the thickness of the 
muscle at the same lime. Thus it is difficult 
to speak, of a “wave” of repolarization in the 
same sense that we speak of a wave of de- 
polarization. 

It is seen that as the dipoles reaccumulate 


an electrical effect is produced that causes a 
defiection of the galvanometer in a direction 
opposite to that which was produced by 
depolarization. This deflection is the T wave 
of the electrocardiogram. At any instant 
during repolarization except at the very begin- 
ning and very end of the T wave, the voltage 
recorded « the net effect of a balance of 
electrical forces present in a multitude of 
fibers occupying the enure thickness of the 
ventricular wall. 

It may be seen that at each stage of repolar- 
ization the electrical effect at the electrode 
P may be regarded as if it were produced by 
a balance between the dipoles on the en- 
docardial surface on the one hand and the 
dipoles on the epicardial surface on the other. 
For this reason we may analyze many electro- 
cardiographic problems by representing the 
total effect as if it resulted from the two 
opposing surface effects. Each of these oppos- 
ing surface effects may be represented by a 
monophasic curve. Expenmentally, if we cool 
the fibers at the epicardial surface to the 
temperature at which they fail to undergo 
depolarization (Fig. 27yt) and record the 
potential at P after stimulating the endocardial 
surface we record a monophasic action poten- 
tial curw which represents the effects of 
depolarization and repolarization of the endo- 
ca^tai surface. As soon as the endocardial 
surface is depolarized (Fig. ZTA-b) and dur- 
ing the entire process of depolarization of the 
block of muscle the potential at P is propor- 
tional to the electrical moment of seven 
dipoles. When the wave of depolarization 
reaches the cooled epicardial surface it is 
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Fia. 26. Simplified representation of repolarization of a segment of ventricular wall. The 
endocardial surface (where depolarization begins) is on the left; the epicardial surface is on the 
right. The ventricular wall is represented by four fibers. It is seen that if the rate of repolarlza* 
tion were uniform throughout the muscle as represented here an inverted T wave should occur. 

The two dashed curves may be ignored for the moment. 

It is important to note that the balance between the dipole effects pointing toward the right 
and those pointing to the left throughout the muscle h equal to the balance between the dipoles 
on the epicardial surface and the dipoles on tbe endocardial surface. In other words it is the 
surface effects which are all-important. 

It is understood that the electrode b sufBdently distant from the ventricular wall for there 
to be little difference between tbe solid angles subtended at P by the endocardial and epicardial 
surfaces. 

The assumption that opposite sides of the same fiber may be in different stages of repolariza- 
tion at the same time may be questioned. Actually the diagram u an oversimplification, justified 
by the fact (hat tbe myocardium is a syncytium: each of the "fibers'* may be thought of as 
representing a two-fiber block of syncytium so that the two sides represent opposite sides of two 
adjacent fibers bridged by a jorning fi^r (see Fig. 9. p- 12). 
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blocked by the cooling (Fig. 27<4-fr) and the 
potential remains at this level. As repolariza- 
tion begins, at first slowly (Fig. 21A-C) 
the potential begins to fall slowly. Repolar- 
izatioo becomes more rapid as it progresses 
(Fig. llA-e and /), the number of dipoles 
at the endocardial surface increases more 
rapidly, and the potential at P falls more 
rapidly. Finally, when repolarization at the 
endocardia! surface is complete the potential 
is again zero (Fig. 27/4-/). The monophasic 
action current curve for the endocardial sur- 
face thus may (theoretically) be recorded. 
Inasmuch as this is an oversimplification of 
the problem it represents a bit of didactic 
license. However, as a simplified device to be 
employed in understanding many of the prob- 
lems of electrocardiography it has been useful. 
Its limitations will be discussed later. 

If we cool the endocardial surface of the 
ventricular wall and stimulate subjacent to 
the cooled surface the corresponding mono- 
phasic curve representing the electrical effects 
of the epicardial surface will be recorded 
(Fig. 27B). During depolarization the po- 
tential remains at zero. When the epicardial 
surface is reached and is depolarized (Fig. 
llB-b) the potential drops to a negative 
value equal to the positive value attained in 
Fig. TJA-b. As repolarization begins, at first 
slowly, the potential at P slowly rises and 
with the progressively increased speed of 
repolarization rises more rapidly, finally reach- 
ing zero when repolarization is complete. 


If we place the two monophasic curves of 
Figs. 27/4 and 21B in the proper time rela- 
tionship to one another represented by the 
period of time required for the wave of de- 
polarization to pass through the wall to reach 
the epicardial surface, we see that the curve 
of Rg. 26 may be regarded as the result of 
the algebraic addition of the two broken 
monophasic curves of Rg. 26/. 

Thus if repolarization follows the same 
order as depolarization but is slower, and if 
the rate of repolarization is uniform through- 
out the muscle, the electrocardiogram re- 
corded by placing a unipolar electrode at P 
will show an inverted T wave. If we wish 
to look at the matter more simply the elec- 
trical effects of repolanzation should be op- 
posite to the effects of depolarization and 
represent the same quantitative potential 
changes so that the area (timexvoltage) 
under the QRS equals the area (timexvolt- 
age) of the T wave. Actually, in normal 
human electrocardiograms we generally do 
not find that the T wave is opposite in direc- 
tion to the QRS complex. As a matter of fact, 
most normal tracings show an upright T 
wave in Lead I where the QRS is usually 
upright and the same holds for most other 
leads, especially the left precordial (unipolar) 
leads in adults. This can only mean that re- 
polarization does not follow the same order 
as does depolarization. 

It was F. N. Wilson who first suggested 
that repolarization may be more rapid at the 


Fic. 27. A. Diagrammatic represeirtation of the monophasic curve produced by depolariza- 
tion and repolarization of ihe endocardial surface. The epicardial surface is cooled to a degree 
that renders it incapable of being depolarized by the wave of excitation. 

The potential at P rises rapidly when depolarization begins and falls slowly during repolariza- 
tion. The net elfect at P is the result of a balance of opposing effects occurring throughout the 
muscle. It may be represenled as a balance between the cpicardiat and endocardial surface 
effects. 

The monophasic curve representing the depolarization and repolarization of the endocardial 
surface shows that repolarization is much slower than depolarization; that it begins slowly, 
becomes more and more rapid, and finally slows toward the end. 

fl. The monophasic curve showing the etecirical effects at P of depolarization and repolariza- 
tion of the epicardial surface. The same order of depolarization is assumed which was shown 
in/4. 

Here, because the endocardial surface fails to depolarize due to cooling the potential remains 
at zero until the epicardial surface is reached. It then drops rapidly to a negative value. When 
repolarization occurs the potential returns to zero in the manner shown. 
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epicardial surface of the ventricle than at 
the endocardial surface, as represented by 
Fig, 2$, In terms of the inonopbasic curve 
analysis employed above the same phenom- 
enon may be represented by shortening the 
duration of (he monophasic curve represent- 
ing the electrical effects of the epicardial 
surface (see Fig. 28/). It is seen that the 
direction of the T wave in the human electro- 
cardiogram may be represented as the conse- 
quence of the diderence between the two 
oppositely directed monophasic curves. 

Some justification for Wilson’s speculation 
is furnished by expenments (Ashman) with 
turtle hearts from which monophasic action 
currents were recorded in much the same 
manner as has been described above. It was 
found that when one portion of the heart was 
suflicienlly cooled (but not to an extent to 
produce blocking of the muscle) the rate of 
repolarization was slowed so that the mono- 
phasic curve of the cooled portion of the 
muscle was prolonged. 

If we cool the endocardial surface in this 
manner the effect is to produce a situation 
whereby the “epicardial" portion repolarizes 
relatively more rapidly and produces a T 
wave which is in the same direction as that 
of the QRS. This experiment was repeated 
by Ashman and Toth using dogs. What condi- 
tion is responsible for this hypothetical in- 
creased rale of repotarization in the epicardial 
fibers of the human ventricle (or decreased 
rate of repolarization of the endocardial 
fibers) is a matter for further speculation. 

it should be pointed out here that Ashman 
found that when the heart was repeatedly 

Fig 28. Depolarization and repolarization 
of a segment of myocardium assuming that the 
epicardial muscular layers repolarize more 
rapidly than the endocardial Again, the net 
effect of all of the opposing ellects occurring 
thrmighout the muscle may be represented as 
the balance between the endocardial and epi- 
cardial effects. 

The more rapid repolarization at the epicar- 
dial surface assumed by Wilson may be repre- 
sented by the monophasic curve of shorter dura- 
tion shown for the cpicirdial surface. The result 
h that an upright T wave is recorded at F. 



T wave: qrs-t 


43 



b (intermediate stage). Combined effects 
from intervenlricutar septum, apex and lateral 
wall. 

c (final stage), Combined effects from apex 
and lateral wall. 

The speculation follows the order of de- 
polarization and the assumption that the ept- 
cardial surface repolarizes more rapidly than 
the endocardial surface; the right side of the 


septum is assumed to repolarize more rapidly 
than the left but the difference assumed is not 
as great as the difference between the rates of 
cpicardial and endocardial repolarization in the 
apical and lateral regions. 

B, The mean T wave vector is derived from 
the assumption described in A and from ex- 
perience with many thousands of electrocardio- 
grams. 


excited ai rapid rales the moaophasic curve 
for the cooled region approached again the 
form and duration of the monophasic curve 
of the uncooled region. The T wave under 
these conditions would tend to return to the 
form shown in Fig. 26 (see Fig. 32). This 
wJJ become important wiiea we come to the 
consideration of the effect of rate upon the 
RS-T segments and T waves of the electro- 
cardiogram, It will be seen later that repolar- 
ization is influenced by a number of factors 
that do not materially affect depolarization. 

Vector Representation of the T Wave 
Since repolarizalion cannot be represented 
by a “wave" in the same sense as can be done 
for depolarization, but results from the net 
effect of a balance of opposing forces through- 
out the muscle, it has become customary to 
deal with the T wave in terms of a net or 
mean T wave vector. There is a T wave 
loop (Fig. 29a) but it cannot yet be dealt 


with on theoretical grounds In a detailed man- 
ner. 

An anatomic representation of the mean 
T wave effects (repolarization) consistent 
with observed electrocardiographic phenom- 
ena can only be made by rather broad spec- 
utalion. Such specuhiioa has been made for 
teaching purposes as follows: It is assumed 
that the right ventricle probably contributes 
little to the formation of the normal T wave. 
It is further assumed that the septum, being 
activated from both sides almost simultane- 
ously, is also repolarized on both right and 
left surfaces almost simultaneously. The two 
effects almost cancel one another and leave 
the septum also without a great part in pro- 
ducing the T wave in normal hearts. However, 
since the T wave is upright in and V 3 in 
adults we may assume that repolarization is 
a little more rapid for the right side of the 
septum than for the left. This gives the 
septum some part in the production of the 
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Fio 30 QRS-T rtlationi. The model QRS loop with mean spatial QRS and mean spatial T 
wave vectors attached The vectors labeled G and r and the dotted T waves are to be ignored 
for the moment 

The top row of drawings shows the model loop in orientations representing (u) markedly 
counterclockwise rotation about the anatomic axis; (b) a heart counterclockwise, and (c) 
a markedly clockwise rotated heart. The anatomic axis is the same for a, b, and e (intermediate 
between transverse and vertical). 

The bottom row of drawings shows the same rotations about the anatomic axis when the 
heart is made more transverse to the same extent in each case. 

The figure shows the Use of the model to demonstrate the effects of ( I ) rotation about the 
anatomic axis, and (2) change of the anatomic axis, upon the QRS, the T Waves, and the 
QRS-T relationship It therefore constitutes a method of understanding the variations in 
QRS-T relationships which may be seen in the same and in different normal individuals 


normal T wave. Thus, according (o this 
speculation, in the normal heart the T wave 
IS largely produced by the free wail of Ihe 
left ventricle and in small part by the septum 
(Fig. 29fl). If the epicardial surface is re- 
polarized more rapidly than the endocardial 
surface and the T wave is largely produced 
by the electrical effects of rcpolarization going 
on in all parts of the ventricles at the same 
time we would find that the general direaion 
of the mean T wave vector may be repre- 
sented by the vector of Fig 296. This figure 
may be regarded as the result of application 
of Fig. 28 to the human ventricles. 


Since the T wave is written when the 
ventricles arc contracted the vector may re- 
quire some correction from the position shown 
In the figure. The figure also shows the 
spatial relationship of the T wave vector to 
ihe QRS loop and the anatomic axis of the 
heart which, roughly speaking, prevails in 
most normal hearts. 

QHS—T Relationship 

If we place the T wave vector upon the 
QRS loop model shown in Figs 17 and 18 wc 
will have a method by which wc can demon- 
strate the relationship between the T wave 
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and the QRS complex of the normal electro- 
cardiogram. If the model is now rotated about 
the anteroposterior and anatomic axes as in 
Fig. 18 this relationship can be studied (Fig. 
30). 

The lower row of Fig. 30 shows the effect 
of making the heart more transverse for each 
of the rotations represented in the upper row. 
Such changes in position as are represented 
by comparing any of the diagrams with its 
neighbors in any direction may occur in the 
same individual with change in posture or 
change in the respiratory phase. Such rotation 
about the anteroposterior axis seems to pro- 
duce more change in the T wave axis than 
does rotation about the anatomic axis because 
the T axis has so nearly the same direction 
as the anatomic axis that simple rotation 
about the latter does not change the T wave 
direction very much. Thus, vertical hearts, 
regardless of rotation, most frequently show 
vertical T axes with low T] and high Tm. 
whereas transverse hearts are more apt to 
show transverse T axes, with high T] and low 
or inverted Tm. In Fig. 30 the T axis as well 
as the QRS loop and mean QRS axis are 
seen to become more transverse when the 
heart becomes more transverse, in all rota- 
tions. For example, when a semitransverse 
counterclockwise heart becomes more trans- 
verse (e.g. due to distension of the abdomen), 
the effect on the T wave and QRS is repre- 
sented by the change from Fig. 30a to Fig. 
30d. Rj becomes lower, Sm becomes deeper, 
Tj becomes a bit higher, and Tm, which was 
only slightly negative, becomes definitely in- 
verted. Corresponding changes occur when 
the other rotations depicted are made more 
transverse. The importance of recognizing the 
effect of such purely nonpathologic changes 
as are represented in Fig 30 can hardly be 
exaggerated. Note, in comparing Fig. 30/ with 
Fig. 30c that Tvl. previously positive (Fig. 
30/), becomes negative (Fig. 30c)* with a 
change in cardiac position which commonly 

• Obviously, when Tin is larger than Ti, either 
as a normal or a pathologic phenomenon, T in 
Vt must be negative. 


occurs simply as a result of inspiration or 
even moderate elevation on a back rest. 

Thus, if in serial electrocardiograms a 
change in the T waves occurs, the QRS should 
be examined carefully. If a change has oc- 
cured in the QRS complex which can account 
for the change in T by indicating a change in 
position or rotation (which can be determined 
by employing the model loop and T vector 
shown in the figure) then no pathologic 
signiffcance can be attached to the change 
in T. A more detailed discussion of variation 
of the QRS-T relationship resulting from 
changes in cardiac position and rotation will 
be taken up later. 

If the T wave axis is as depicted in Fig. 30, 
rotation about the anatomic axis may produce 
certain changes which deserve recognition. 
However, it is important to emphasize that 
these T wave changes arc not very striking 
at ordinary rates and without the effects of 
food and digitalis because under these condi- 
tions the T wave axis Is very close to the 
anatomic axis (//, Fig. 30) and does not 
change much with rotation of the heart about 
the anatomic axis. It can be seen that with 
counterclockwise rotation (Fig. 30 a and d) 
the projection of the T wave vector on the 
frontal plane is such that it lies slightly to 
the “left” ( the reader’s right) of the anatomic 
axis and to the right of the long axis of the 
QRS loop which Js also the mean axis of the 
QRS as projected on the frontal plane. As a 
result the T wave in Lead I is generally higher 
than the T wave in Lead III when the QRS 
axis is deviated to the left unless, as stated 
above, the heart is very vertical. It follows 
also that the T wave in Lead is upright. 
With clockwise rotation (Fig. 30c) the T 
wave vector as projected upon the frontal 
plane tends to lie slightly to the tight of the 
anatomic axis and to the left of the mean 
QRS axis. Thus, when the QRS axis is devi- 
ated to the right by clockwise rotation of a 
normal heart the T wave in Lead III tends 
to increase slightly while the T wave In Lead 
I becomes slightly lower. As stated above, 
these effects may not be striking because the 
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cardiaf ischemia; b, 4 represents endocardia] ischemia and (c) increasing 
degrees of delay in conduction from endocardial to epicardial surface. 

a shoH's that with increasing rate repolartzziioa becomes more rapid at 
both endocardial and epicardial surfaces (both monophasic curves become 
progressively shorter) and that the longer (upper) monophasic curve be- 
comes shorter more rapidly than she shorter one- The result is a 

progressive diminution and a final inversion of the T wave. The latter 
occurs only with very rapid rales in normal hearts Series a follows Ash- 
man's findings in the turtle heart Note RS-T shift which results when both 
monophasic curves are steep (final diagram of series a). 


T axis is of so nearly the same direction as 
the anatomic axis. 

The QRS-T relationship does not remain 
as fixed as is suggested by our model of a 
fixed T wave axis glued to a plastic QRS 
loop. The T wove is a result of a balance of 
opposing electrical forces throughout the 
myocardium and it is easily altered by change 
in rate and by other factors that have little 
influence upon the QRS. 


Further Consideration of QRS-T Relationship 
In developirtg the T wave vector employed 
in this presentation Wilson's suggestion that 
the epicardial surface of the left ventricle re- 
potanzed more rapidly than the endocardial 
surface was adopted This was represented in 
Fig. 28 and it was shown that this idea could 
be expressed by the employment of two mono- 
phasic curves, one representing the electrical 
effects of the epicardial surface and the other 




Fig. 32. Given a ffontal plane QRS loop and complexes a shown in the drawing the vector 
T is constructed by plotting the area of Ti («) against the area of Tm (o) on the Einthoven 
triangle. Applying the effect of progressively increasing rate upon the complexes (shown in 
Fig. 31, series n). to this tracing one would expect Lead I to show the series of changes 
depicted as complexes b, c. and (tnaUy d. Lead 111 can be treated in the same way, noting that 
the result 1$ simply an inversion of the complexes of Fig. 31. series a. 

I£Ti* and Tm* are plotted on the trian^e the vector T results. If Ti* and Tm* are plotted 
the vector T" results If Ti' and T,,,' are plotted the vector T" results. The general effect 
therefore, is that the T vector changes its directibji so that it points more and more away front 
the long axis of the loop and, therefore, the mean QRS axis. 


Xa jL 

Q b c 





Fig. 33. Translation of Fig. 32 into three dimensions. 
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Fio. 34. a is an eiectrocardiogram made on patient whose heart rate was 7J/min. A is a 
tracins made on the same patient when the heart rate was 200/min. The change in the T wave 
axis is attributable to the very rapid rate. 


representing the electrical effects of the 
endocardial surface. It might be well to review 
again some of Ashman's work with the turtle 
heart. Ashman found that if turtle heart 
muscle were cooled (but not to the extent 
that block is produced) the monophasic curve 
recorded from the cooled region is longer 
than that recorded from an uncooled region,* 
i.c., repolarization is slower. Ashman also 
found that with increasing rate of the heart 
beat (controlled by artificial stimulation) the 
monophasic curve for the cooled region and 
the monophasic curve for the uncooled region 
both became shorter (repolarization became 
more rapid in both regions) and the two 
curves approached an identical form and 
duration (the monophasic curve for the 
cooled region became shorter more rapidly 
than did the monophasic curve for the un* 
cooled region). The application of Ashman's 
Sndings to the representation depicted in Fig. 
28 is shown in Fig. 31, column a. It seems 
reasonable to apply the same type of analysis 
to any electrocardiographic lead, for the 
purpose of speculating upon the expected 
effect of increasing rate. For example, if the 
QRS loop is as shown in Fig. 32 the QRS 
complexes in Lead I and III will be as 
shown in the same figure and the T waves are 


frequently of the form represented by vector 
T and complexes a Application of Ashman’s 
findings {Fig, 31, column a) to the QRS 
and T relationships in Lead I result, with 
increasing rate, in the progressive changes 
in the T wave that are shown by the T waves 
of Lead 1 in Fig. 32 labeled o, b, c, and d, 
In Lead HI the corresponding progressive 
changes in the T wave which would be ex- 
pected as a result of increasing rate are 
shown by the T waves of Lead III, labeled 
a, b. c, and d. If we plot Tj^ and 
and T,,,' and T,'* and Tm < we obtain a series 
of T vectors T, V and T"'). Since with 
increasing rate the T wave direction deviates 
away from the direction of the mean QRS in 
any lead the writer has taken the liberty of 
representing this phenomenon spatially in 
Fig. 33. This involves the assumption that 
the T wave vector remains in the plane of the 
QRS loop (from which it probably deviates 
to some extent). 

As shown in Fig. 34, changes in rate do 
produce such changes m the QRS-T relation- 
ship in the human electrocardiogram. Other 
factors, such as digitalis and the taking of 
food have, in a general way, a similar effect. 
The effect of these factors may be generalized 
as represented in Fig. 30 (which u developed 
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from Fig. 33), in which the vector T is a 
usual T wave vector at ordinary rates, with- 
out digitalis, etc., and T is the spatial T wave 
vector which may result from moderate rate 
change, digitalization, or the taking of food. 
The changes which may result from these 
factors with several rotations and positions 
of the heart are represented by the range of 
T vector direction that might occur between 
T and T, In Fig. 30 the T waves shown as 
solid lines correspond to vector T; those 
shown as dotted lines correspond to vector T'. 
A normal range of variation is thus indicated. 


This figure, then, represents a range of QRS-T 
relationships which is normal to certain cir- 
cumstances, none of which is pathologic. The 
range of T directions between T and V shown 
in the figure is not intended to represent the 
extreme normal limits. As indicated in Fig. 
33 there are T directions to either side of the 
T-V range which may be normal under cer- 
tain drcumstances. No clear concept of the 
possible range of normal variations can be 
understood without some attention to the 
quantitative relationship between the QRS 
and T deflections of the electrocardiogram. 



5. Quantitative Analysis of QRS-T 
Relationship 


If the relationship between QRS and T is to 
be evaluated quantitatively it is best to begin 
with the representation offered in Fig. 35. 
If the rale of repoiamalion were the same in 
all areas of the ventricles (if the rates of re- 
polarization at the epicardial surface and the 
ejodorardia) surface were the same — Tig. 26} 
the T wave would be opposite in direction to 
the QRS. and the area of QRS would equal the 
area of T. Therefore, the algebraic addiuoa of 
the area of the QRS (AQRS) and the area of 
the T (AT) would result in zero no matter how 
we related the two monophasic curves with 
respect to time and regardless of which mono- 
phasic curve occurred first (premature beats 
may reverse the order of depolarization). 
This is shown in Fig. 35<z. This relationship 
simply follows from the fact that there is no 
difference between the monophasic curves 
representing the rates of repolarization at the 
endocardial and epicardial surfaces respec- 
tively. If the rate of repolarization is different 
in the two regions then the two monophasic 
curves representing this state of affairs may 
be represented as in the corresponding series 
of diagrams of Fig. 35b. It is seen that the 
fact that the difference between the two 
monophasic curves is always present and is 
always the same is reflected by the fact that 
the result of algebraic addition of the QRS 
and T areas is not zero and is always the same 
regardless of how we relate the curves with 
respect to time. This net area resulting from 
algebraic addition of the areas of QRS and T 
in any lead may be regarded as the com- 
ponent in that lead of the net electrical 
effects of differences in the rates of rcpolar- 
ization in various portions of the ventricles. 

This net effect may be measured in any 


two limb leads and may be plotted as a vector 
quantity on the frontal plane. It has been 
termed by Wilson the ventricular gradient 
and has been represented by the symbol G. 

Measurement of the Frontal Plane Gradient 

The ares of QRS and area of T is measured 
in two of the three standard limb leads and 
tabulated as in Fig. 36. The value of 
AQRS+AT is then obtained by simple addi- 
tion. The unit of area measurement is the 
Ashman unit, or one small rectangle on the 
electrocardiographic ordinates It is, of course, 
tfqual to 0.04 microvolt seconds. 

The AQRS, AQRCT and AT of any two 
l«ads are plotted on the Einthoven triangle (or 
triaxial system of Bayley) and the manifest 
vectors are thus obtained (Fig. 36). Of course, 
the manifest AQRST vector (C) will always 
form the diagonal of a parallelogram of 
which the two sides are the AQRS and AT 
vectors.* because it is the resultant of these 
two vector quantities. 

I7»e vector quantity AQRST represents, as 
indicated above, the frontal plane projection 
of the net electrical effects of differences in 
rates of repolarization in various areas of the 
ventricular muscle. 

The concept may be approached in another 
(Fig- 37). Figure 26 shows the electro- 
cardiogram that might be expected if the 
rates of repolarization throughout the ven- 
tncular muscle were identical (in this case 
the order of repolarization follows the order 
of depolarization). In this tracing, reproduced 

'For experimental work we plot Lead I and 
II, Lead It and Lead III, and Lead 1 and Lead 
in and take the mean of these observations as 
the final determination. 
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Fig. 35. In series a the upper (endocardial) monophasic curve and the lower (epicardlal) 
monophasic curve are identical in every way except sign. The algebraic addition of the two 
monophasic curves always results in QRS and T complexes which are equal in area but of 
opposite sign so that they (AQRS + AT) always add up to zero regardless of the relationship 
of the two curves. This is made quite clear by the rectangular Sgures representing the areas of 
the complexes and the corresponding curves. 

In series b the two monophasic curves are of opposite sign but they are not identical: the 
lower (epicardial) curve is of shorter duration representing a more rapid rate of repolarization 
at the epicardial surface. In this senes the algebraic addition of the two monophasic curves re* 
suits in QRS and T complexes which are not always equal in area and opposite in sign as in 
series a, and the value of AQRS + AT (as illustrated in the rectangular figures) is always the 
same value but it is not zero as in series a. 

Thus in series a. AQRS -f AT always equab zero while in series b, AQRS -h AT always 
equals some finite value which is constant for the series. This difference between the two series 
results entirely from the fact that in the one case (series a) the two oppositely directed mono- 
phasic curves, representing uniform rale of repotarizalioo. are identical while in the other 
(series b) the two oppositely directed monophasic curves, representing different rates of 
repolarization, are different in duration and area. 

Since the value of AQRS 4- AT is zero when the rate of repolarization is assumed to be 
uniform throughout the muscle, thts quantity may be employed to measure the net electrical 
effect of differences in rates of repolanzalion in various areas of ventricular muscle as shown 
above. It is this value which b defined as the ventricular gradient. 

Note that the RS-T shifts, when they occur, are always opposite in direction to the QRS 
complex. These RS-T shifts are the inevitable result of the addition of any two oppositely 
directed monophasic curves which are not flat at the top. 


in its essential form in Fig. 37, the T wave is 
opposite in direction to the QRS and equal 
to it in area. The gradient potentials may be 
regarded as the potentials that must be 
added to the T wave of this figure (called the 
regression T wave) to produce the T wave 
of the form actually observed. Thus the net 
gradient effect is measured by the area en- 


closed by the regression T wave below and 
the observed T wave above (in Fig. 37). It 
is, then, equal to the sum of the area of the 
observed T wave (AT) and the area of the 
regression T wave. ATi{-l-AT=G where Tjj 
is the regression T. 

The regression T wave is not measurable 
since it is actually not observed. However, 
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Fiq. 36. Plotting the ffontal plane ventricular gradient. 

The areas ol the various deflections of two leads are measured and tabu- 
lated. The value of AQRS + AT is obtained by simple algebraic addition. 
Each of the values (AQRS, AT and AQRST) is plotted as a vector quantity. 
AQRST (or G) is the gradient. 


it may be recalled that the area of the regres- 
sion T wave Is equal to the area of the QRS 
(Fig. 26). Thus; substituting m the formula 
above, we obtain AQRS-)-AT=0. 

The frontal plane projection of the gradient 
is regarded as if it were derived from a spatial 
gradient (SG or SAQRST) which in Fig. 30 
is constructed by addition of the two spatial 
vectors SAfJRS and SAT, employing the par- 
allelogram of forces. 

Ashman, Gardberg and Byer estimated that 
the spatial gradient vector lies approximately 
in the same plane as the mean QRS vector 
and the anatomic axb of the heart and at a 
spatial angle of approximately 30® with the 
mean spatial QRS vector. 

The angle between the gradient and the 
mean QRS can be visualized if it is realized 
that the wave of excitation passes diagonally 
through the left ventricular wall (Fig. 14) 
instead of as shown in the simplified diagrams 
of Fig. 26. On the other hand, if the cpl- 
cardial fibers repolarize more rapidly than the 
endocardial fibers then the gradient pmnts 
from the endocardial surface to the epicaidial 
surface more or less perpendicular to the waU 
of the ventricle. Thus for any chosen segment 


of ventricular wait, and therefore for the en- 
tire left veotncle the direction of the spatial 
gradient vector would, under these circum- 
stances, be expected to make an angle with 
the direction of the mean spatial QRS vector. 

Thus, if to the model which we have em- 
ployed to represent the spatial QRS loop, the 
mean spatial QRS axis and the mean spatial 
T axis we add a spatial gradient vector at an 
angle of 30® to the direction of the mean 
spatial QRS vector it becomes the diagonal 
of a parallelogram of which the spatial T 
vector and spatial QRS vectors are the two 
sides We now have a means of representing 
a standard relationship between the spatial 
QRS loop, the mean spatial QRS, the mean 
spatial gradient, and the mean spatial T vec- 
tor. Just as we employed the model loop to 
study the effects of rotations of the heart 
upon the QRS complexes of the limb leads 
we may now in addition employ it to study 
the various normal reiationships between the 
directions of the gradient, the mean QRS 
axis, the mean T axis, and the anatomic axis 
of the heart. If for any facing we determine 
the direction and the magnitude of the 
ventricular gradient and find that the rela- 
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Pio. 37. Tbe ventricular gradient as the net 
difference between the regresston T wave and 
the observed T wave. 

The regression T wave (T*) is that which is 
postulated to occur when the rate of repolartea* 
tiOQ is uniform throughout the muscle and the 
order of repolarization follows the order of 
depolarization (Fig. 26), Here the gradient is 
visualized as the potential that must be added 
to the regression T wave to produce the ob- 
served T wave. In terms of area the measure* 
stents can be made because AT* «<iualt AQtiS, 
and AQRS and AT can be measured. The 
gradient potentials cannot be measured in terms 
of instantaneous potentials (the vertical arrows) 
because the regression T is never observed as 
such and. besides, the instantaneous potentials 
of the T wave are nol related closely in lime to 
the instantaneous QRS potentials. Attempts to 
so relate them are erroneous at a very funda- 
mental level. 

tionship of its direction to that of the mean 
QRS axis is very definitely not that which is 
expected from projection (upon the frontal 
plane) of the corresponding vectors of the 
model when the model is held in the orienta- 
tion which corresponds to the limb leads (see 
pp. 26-29) then that tracing is abnonnal. 
The magnitude of the gradient varies too 
much from individual to individual and in the 
same individual under noopathologic condi- 
tions to be of great value in the analyus of 
single electrocardiograms. Both the directicm 
and the magnitude of the gradient are more 
valuable in the study of serial electrocardio- 
grams. 


Significance of the Ventricular Gradient 

The great value of measurement of the 
ventricular gradient resides in the fact that 
it furnishes an instrument enabling us to find 
some order in apparently random T wave 
changes and to differentiate normal from 
pathologic T wave changes that are indis- 
tinguishable by more superficial methods of 
examination. It has already been stated that 
certain nonpatbologic factors (rapid rate, 
food, etc.,) cause changes in repolarization, 
and certainly pathologic changes also cause 
changes in repolarization. 

Since the gradient is an index of the net 
effect of the difference in rates of repolariza- 
tion in various portions of the ventricles it 
may be employed as an instrument for the 
study of this phenomenon in health and 
disease. If should not be surprising that disease 
is capable of causing changes in the direction 
and magnitude (especially the former) of the 
repolarization potentials which are not pro- 
duced by physiologic factors. It should not 
be surprising also to leam that disease not 
infrequently produces changes in the repolar- 
izatioo potentials that are similar to those 
produced by nonpatbologic factors. The 
superiority of gradient measurements over 
T wave measurements as an index of these 
changes in rcpolarization potentials resides in 
the fact that the direction of the T wave 
vector is readily changed by even minor 
changes in the magnitude of the difference 
between, say, epicardial and endocardial rates 
of repolarization. In contrast, the gradient, 
as a more direct method of measuring such 
effects, reflects closely the real magnitude of 
the change which has taken place in the 
relative rates of rcpolarization in the various 
tenons of the ventricles. For example, in 
Fig. 34 it will be seen that a simple diminu- 
tion of the gradient such as may occur under 
nonpatbologic conditions (increase in rale) 
vdll cause a considerable change In the direc- 
tion of the T wave vector and, therefore, of 
the T deflections of the electrocardiogram. 
Thus, unless the gradient is measured it is 
sometimes impossible to know whether an 
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observed T wave change is due to a phyao- 
Jogic change in gradient magnitude or to a 
change in gradient direction characteristic of 
certain pathologic states. 

• ' Rgure 38/f shows two tracings a and b, 
■ made from the same heart at different times; 
the change from a to 6 is characterized by a 
decrease in the height of Tj and an increase 
in the height of Tm- In Fig. 38B the change 
from a to i is also a decrease in the height 
of T; and an increase in the height of T,rr. 
As far as the T waves are concerned, the 
nature of the two changes seems to be the 
same; yet they are not for in one case (A) 
the gradient potentials are simply of less 
magnitude such as may occur with increase of 
rate, while in the other (B) the magnitude 
of the gradient potentials is only slightly less 
but their direction has changed and in a man- 
ner which generally occurs only under patho- 
logic conditions. 

It is important to note that either tracing 
a Or b of Fig. 38B evaluated alone may be 
within normal limits. The direction of the 
frontal plane projection of the gradient in 
relation to the direction of the frontal plane 
projection of the mean QRS and the ana- 
tomic axis varies in individuals so that a 
single observation may be determined to be 
abnormal only if it lies outside a fairly wide 
range of the normal predicted by the use of 
the model. However, in serial tracings much 
change in magnitude of the gradient may be 
due to nonpathologic factors, but even mod- 
erate change jjj the djreetiatj oS the gradient 
without change in the QRS complexes is 
likely to be due to pathologic factors. 

It must be realized that if the heart under- 
goes a change in rotation about any axis, (he 
direction of the AQRS, AT, and gradient vec- 
tors will not change in their spatial relation- 
ship, but the relation of their projections 
upon the frontal plane may change con- 
siderably. 

The value of the concept of the gradient 
can be further emphasized by considering the 
evaluation of the T wave changes that occur 
in serial tracings showing changes in intra- 


ventricular conduction (Fig. 38C). One trac- 
ing on a patient may show no conduction 
change and the next may show a degree of 
left bundle branch block, or a moderate grade 
of hypertrophy due to hypertension or arter- 
isoclcrosis may occur so that the QRS be- 
comes larger in height or in width or both. 
Under these circumstances a marked change 
may occur in the T waves and even the RS-T 
segments. If we examine Fig. 38C these T 
wave changes are seen to be a necessary re- 
sult of the QRS changes if nothing else has 
happened to change the relative rates of 
repoiarization in the various portions of the 
muscle. i.e., if the ventricular gradient 
(AQRS+AT) remains the same. Obviously in 
any lead, if the area of QRS+ the area of 
the T remains constant an increase in the area 
of the QRS must be accompanied by an equal 
diminution of the area of T. Conversely, if 
the area of the QRS is diminished an equal 
increase in the area of the T must occur. 

This principle is illustrated in a very prac- 
tical way in Fig. 39. 

The T wave change observed in Fig. 38C is 
called a secondary T wave change because it 
is caused by a change in the QRS and not by 
a primary change in the repolarization phe- 
nomena. The change in the T wave in Fig. 
38B is a primary T wave change because it 
is due to a change in repolarization phenom- 
ena entirely independent of the unchanged 
order of depolarization (QRS). 

Thus, when two tracings from the same 
individual are compared changes in the T 
wave can only be evaluated in terms of the 
relationship between the QRS and the T 
waves. As has been shown it is the net area 
AQRS+AT (the gradient) that must be em- 
ployed in making this evaluation. Frequently, 
it b immediately obvious without making 
actual measurements that the T wave changes 
result from QRS changes (due to changes in 
position or conduction disturbance) and that 
these changes do not reflect a change in the 
direction or magnitude of the gradient. In 
some cases this is not so obvious and actual 
measurement may be required to determine 




Fig. 38. Relative value of T wave and gradient analysis. 

In A, B. and C the change from tracing a to ^ consists of T wave changes 
of the same kind: Tt becomes smaller and Tut becomes larger in each of 
the three cases. 

Measurement of AQRS, AT and AQRST (the gradient) in both tracings 
(a and h) and plotting these on the Einthoven triangle show that: 

1. In ^ the T wave change from a to h is due to a diminution of the 
magnitude of the gradient, and since this commonly occurs with increased 
rale or after a meal it may not be pathologic. 

2. In B the T wave change from a to ^ is superficially similat to that seen 
in A but here it is due to a change in the JirMion of the gradient. Con* 
sidered alone either o or h is within normal iimits but a change from n to h 
in the same individual is suspect for no decided change in the direction of 
the gradient (with no change in the QRS) occurs except as a result of disease. 

3. In C the T wave change from n to h is also superficially of the same 
kind as that shown in A but here it is due to an increase of AQRS, the gradi- 
ent remaining the same. This occurs in left bundle branch block and in left 
ventricular hypertrophy. The T wave change is secondary to the QRS change; 
there b no essential change in repolarization rates. 



Fio. 39. Secondary T wave chaagea illustrating the principle of the 
gradient. 

a and b are sets of limb leads made on the same patient on different days. 
The precordia! leads belong to tracing b. 

Ti has become low in tracing b because of the occurrence of just such a 
change of conduction as was illustrated in Fig 38C. On reasonably careful 
examination, even without measurement, the area of QRS in Lead I is seen 
to be greater in b than in a and accounts for the change in T (AQRS + AT 
remains constant}. The same phenomenon is seen in every one of the pre* 
cordial leads The complexes labeled B ate those in which the conduction 
disturbance is present. It is seen in every lead that the change in the area of 
the T always has a reciprocal relation to the change in the area of the QRS, 
fflustrating the prmciple of the ^sdtnt shows ia Figs. 3J and 3SC. 
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Fl<3. 40. Various orientations of the model spatial QR5 loop showing the relationship of 
the mean spatial QRS, spatial gradient, and spatial mean T vectors. The change from T to 7* 
results from diminution of the gradient as shown in e. The solid T waves correspond to the T 
vector, the dotted T waves correspond to the T vector. 

In each horizontal row the anatomic axis is the same, being intermediate in the top row, 
transverse in the second row, and very vertical in the bottom row. 

In each vertical row the rotation about the anatomic axis b the same. Beginning with marked 
counterclockwbe rotation in the &st row there b moderate counterclockwbe rotation in the 
second row, slight clockwbe rotation in the third row. and moderate clockwbe rotation in the 
fourth row. 

The figure represents a wide variety of normal QRS-T relationships. It b dbcussed in detail 
in the text. 


whether the gradient has changed in direction 
or in magnitude (or both). If a change (ob< 
vious or measured) in direction or magnitude 
of the gradient (or both) has occurred it 
remains to be decided whether such change 
may have resulted from nonpathologic condi- 
tions. 


Summary of QRS-T Relationship Variations 
that May be Nonpathologic 

In order that we may attempt to distinguish 
changes in QRS-T relationships that are 
pathologic it is necessary to review normal 
variations and changes due to variation and 
change in cardiac position, rate and other 
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nonpathologic factors in some detail. In Rg. 
40 the mean spatial QRS (SAQRS), the mean 
spatial T (SAT) and the ventricular gradient 
are represented by spatial vectors attached fo 
the model of the spatial loop which was de- 
scribed in Chapter 1. The loop is here used for 
purposes of orientation. As stated before the 
direction of the spatial mean QRS vector 
(SAQRS) is generally at an angle of 90* to 
the anatomic axis {H) of the heart; the spatial 
vector of the ventricular gradient is at an 
angle of 30® to the direction of the mean QRS 
vector and form% the diagonal of a parallelo- 
gram of which the mean spatial QRS and 
the spatial T vector are the two sides (Fig. 
40e). All three of the vectors are represented 
as being in the same plane (Fig. 40e). 

EFFECT OF CHANGE IN ANATOMIC AXIS OF 
THE HEART. It is seen that as the heart is 
made more vertical the projection of all 
three vectors* upon the frontal plane changes. 
Thus, when the counterclockwise heart repre- 
sented in Fig. 40e becomes more vertical 
and is then represented by Fig. 40a, the 
spatial vectors for the mean QRS, the gradi- 
ent, and the mean T potentials change direc- 
tion with the anatomic axis. The projections 
of these vectors and of the QRS loop upon the 
frontal plane change correspondingly. The 
change in the orientation of the QRS loop is 
reflected in an increase of the magnitude of 
the R wave in Lead I and a diminution of the 
S wave in Lead HI. The corresponding change 
in the orientation of the T axis is rcRecIcd 
in a slight decrease in the height of the T 
wave in Lead I and a corresponding change 
in the T wave in Lead III which, previously 
inverted, becomes isoelectric. If the heart 
becomes still more vertical (Fig. 40/) the R 
wave in Lead I becomes still greater, and the 
S wave in Lead III becomes smaller. The T 
wave in Lead I decreases still further and 
the T wave in Lead III becomes upright. Also 
the T wave in Vl, previously upright, becomes 
inverted. It is safe to say that such T wave 
changes are frequently observed and that the 
QRS changes which are the clue to the posi- 

•Thc r vector and the dotted T waves of 
Fig. 40 are to be ignored for the present. 


tional origin of such T wave changes are not 
obvious to superficial examination of the 
electrocardiogram and are overlooked. As a 
result significance is erroneously attached to 
the T wave change. 

The above described changes in cardiac 
position may occur as a result of change in 
position of the body,* respiratory changes 
(some of which occur after exercise), and 
abdominal distention by fluid or gas. 

EFFECT OF ROTATION ABOUT THE ANATOMIC 
AXIS. If the counterclockwise semitransverse 
heart, represented by Fig. 40e, becomes 
rotated more clockwise it may then be repre- 
sented by Fig. 40/, or, with still more clock- 
wise rotation. Fig. 40g. The changes that 
occur in the orientation of the QRS loop and 
the T vector are reflected by the changes in 
the complexes shown in Fig. 40/ and 40^. 
With rotation about the anatomic axis the 
T axis changes but little because the T axis 
is generaily ot nearly the same direction as 
the anatomic axis. However, since the orienta- 
tion of the QRS loop is changed considerably 
by rotation about the anatomic axis the QRS 
complexes change. When the rotation changes 
from that represented by Fig. 40e to that rep- 
resented by 40/ the change in the QRS com- 
plexes consists chiefly of an increase in the 
height of Rj and a decrease of Sm- When still 
further clockwise rotation occurs (as possibly 
with a deep breath in some persons) so that 
Fig. 40^ applies. Qi disappears and the QRS 
complex becomes smaller in Lead III, while 
Rit becomes large. Marked clockwise rotation 
produces the situation shown in Fig. 40h. Thus 
QRS change may occur as a result of changes 
in cardiac position without necessarily chang- 
ing the T deflection of the electrocardiagram. 

It is to be noted that rotation about’the 
anatomic axis changes the angles between the 
frontal plane projections of the anatomic axis, 
the ventricular gradient vector, the mean 
QRS vector, and the mean T vector. In 
counferciockwise hearts (Fig. 40e and f) the 
projection of the gradient upon the frontal 

•The change in body position required to 
produce such changes is frequently a slight eleva- 
tion on a hospital bed-rest or a slight rotation 
of the body to the right or left. 
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Fio. 41. The apex back heart in terms of the model: 

a, sthenic counterclockwise heart (apex back); b, transverse counterclockwise (apex back); 
c, sthenic clockwise (apex back); d, transverse clockwise (apex back). 

The direction of the gradient is so nearly perpendicular to the frontal plane that reduction of 
its magnitude must be much greater to produce marked changes in the T wave than is true for 
apex-forward hearts. 

For apex back hearts the QRS and gradient measurements are so small that errors are much 
greater. 


plane lies to the right of the mean QRS 
vector, whereas in clockwise hearts (Fig- AOg 
and h) the projection of the gradient lies to 
the left of the mean QRS vector. In an inter- 
mediate rotation (no rotation) the projections 
of these vectors on the frontal plane would be 
superimposed. 

The various diagrams of Fig. 40 may be 
employed to represent the electrocardiograms 
in different normal individuals as well as vari- 
ations in the same individual. One may begin 
with any of the diagrams shown in Fig. 40 
and predict the probable effect of chan^g 
the anatomic axis (vertical, transverse) by 
studying the diagrams in the vertical column 
containing the diagram selected. Such change 
in axis is seen as a result of change in pos- 
ture, of gain or loss of weight, pregnancy or 
delivery, abdominal distention or its lehef, 
alteration of respiratory excursion, and dis- 
placement by pleural effusion or tumor. The 
probable effect of rotation about the anatomic 
axis (clockwise or counterclockwise) may be 
predicted by studying the neighboring dia- 
grams in the horizontal row containing the 
diagram selected. Such changes in rotation 
of the heart may be produced by the same 
factors listed for changes in the anatomic axis 
and in addition by dilatation of the right 
ventricle (which produces clockwise rota- 
tion). 

ROTATION ABOUT THE VERTICAL AXJS. In 


addition to these changes in orientation of 
the heart the apex may be moved backward 
with relation to the base under certain condi- 
tions. In many hearts apex-back rotation is 
present under all circumstances. A few of 
these are shown in Fig. 41, A prominent 
characteristic o! the apex-back position is (he 
presence of well-marked negative deflections 
in all three standard limb leads, and shorten- 
ing of the frontal plane projection of the 
mean QRS and gradient vectors. 

A deep breath usually changes the ana- 
tomic axis toward the vertical and rotates the 
heart clockwise. The apex may be moved 
back at the same time. In some persons a 
deep breath may cause less change in cardiac 
orientation than in others. Furthermore, the 
change in one person may be a marked 
change in the anatomic axis while in another, 
it may be a marked change in the rotation 
about the anatomic axis, usually clockwise. In 
pregnancy the heart becomes more transverse, 
tends to rotate clockwise, and the apex is 
moved back. 

Noapathological Factors Influencing the 
Magnitude o/ the Ventricular Gradient 

In Fig. 40e, the T vector corresponds to 
the mean QRS vecUr when the gradient is of 
the normal direction and of the normal 
magnitude for ordinary rates and basal condi- 
tions in a strongly counterclockwise-rotated 
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heart. When the rate becomes rapid, after a 
meal, or with digitalis, the magnitude of the 
gradient diminishes and a new parallelogram 
must be constructed. If we use a shorter 
length of G as shown in Fig. 40e, the T 
vector perforce becomes T, and the T waves 
change from those shown as the unbroken 
lines to those shown as dotted lines. The QRS. 
of course, has not changed. T| becomes 
lower, T,i, may become flat or upright and 
T in Vj. becomes much lower or isoelectric. 
As has been shown previously (Fig. 38) the 
T wave pattern alone is not very valuable in 
determining what has actually occurred, for 
a change in the direction of the gradient as 
shown in Fig. 3Sff can accompfish a similar 
lowering of Ti and increase in the height of 
T«,. Furthermore, It is necessary to consider 
that after exercise the rate increases and be- 
cause of change in the respiratory mtdposi* 
tion a change to a more vertical cardiac posi- 
tion occurs. Under these circumstances the 
tracing before exercise may, for instance, be 
depicted by Fig. 40/ in which T is the T wave 
axis and therefore the unbroken T waves 
occur, while the tracing after exercise is that 
of Fig. 40b with 7* as the T axis and the 
dotted T waves are those observed. Ti be- 
comes lower, T,„ becomes upright (higher), 
and T in Vi, may become inverted. Yet no 
pathologic condition is present. Furthermore, 
it IS apparent that m many persons a deep 
breath and also exercise cause rotation of the 
heart about the anatomic axis. Thus, the 
tracing before exercise may be represented by 
Fig. 40e, with T as the T wave axis, and after 
exercise the tracing may be represented by 
Fig. 40&. with T as the T wave axis. Finally, 
it is possible that the apex may also move 
back with the respiratory change that follows 
exercise and the after-exercise tracing may 
be represented by Fig. 41a. with T" as the T 
wave vector and the T deflections those which 
are dotted on that figure. In the evaluation 
of such tracings it is again obvious that T 
wave changes must be analyzed by cmplt^- 
ing the principle of the gradient and the 
spatial relationship of the mean QRS and 


gradient axes to the anatomic axis of the 
heart whether the gradient is measured or 
not. At times, measurement of the gradient is 
necessary. Since we are employing limb leads 
the evaluations and measurements discussed 
refer to the frontal plane projections of the 
spatial vectors. The areas AQRST, AT, and 
A()rST (G), determined from limb leads, are 
frontal plane projections. The author knows 
no method of measurement or recording of 
spatial Vectors (oscillographic or otherwise) 
that is as nearly accurate as deductions from 
the limb leads; frequent statements to the 
contrary notwithstanding. 

A careful study of Fig. 40 will reveal that 
those conditions that diminish the ventricular 
gradient without significantly affecting its di- 
rection (digitalis, food, moderate or greater 
exercise, and rate changes) affect the T wave 
in the various leads of individual hearts in 
different ways. In the counterclockwise heart 
represented by Fig. 40b, the T wave of Lead I 
diminishes while the T wave of Lead III is 
increased; in the slightly clockwise rotated 
heart represented by Fig. 40e, the T waves of 
all three leads are diminished equally. In the 
strongty clockwise-rotated heart represented 
by Fig. 40d, it is the T wave of Lead III that 
is diminished and may become inverted, 
while T] is less diminished. Figure 42 which 
is explained in the caption is important in 
relation to this phenomenon. Figure 43 shows 
illustrative electrocardiograms. Furthermore, 
in the apex-back heart, in which the gradient 
has a smaller projection upon the frontal 
plsne. its diminution produces much less ef- 
fect upon the projection of the T vector on 
the frontal plane. Thus in all of the apex- 
back diagrams of Fig. 41, the T wave is seen 
to change but little with moderate diminution 
of the gradient. Thus, with exercise and food, 
Unless a change from the apex-back position 
or 3 greater rotation occurs, the T axis may 
show little change in these hearts 
It is important to point out that these phe- 
nomena are mainly a result of the spatial 
relationship of H. AQRS, and G (see Fig. 40). 

It is also important to note that when the 
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Fio. 42. Figure 42 shows the model of the QRS loop with mean spatial 
QRS, spatial gradient, and vectors T. T. and T". The vectors T and T“ 
result from progressive diminution of the magnitude of the gradient as de- 
veloped in Figs. 32 and 33 (or Fig. 40) o shows slight counterclockwise 
rotation; b shows slight clockwise rotation. The manner in which the rota- 
tion about the anatomic axis affects the spatial orientation of the series of 
T vectors which occurs as the magnitude of the gradient is diminished is 
illustrated. In the counterclockwise heart (a) the change T-T-T“ (as with 
increased rale or food) causes Tna to become higher. In the clockwise heart 
the same progressive change causes the T in 111 become smaller and fre- 
quently negative. 

It is to be expected that at times a heart which appears to be slightly clock- 
wise la rotation as judged from the limb leads, behaves, after exercise, or 
with rapid rate as if it were counterclockwise. This is due to: misinterpretation 
of the rotation because of some irregularity in the Uni portion of the loop, 
or to change in rotation after exercise or with whatever condition has caused 
diminution of the gradient. As Fig. 42 or manipulation of the model which 
Fig. 42 depicts wilt readily show, it requires but slight change in rotation to 
change the order of the effect upon Tm. 


heart is rotated clockwise the effect of dimi- 
nution of the ventricular gradient upon the 
direction of the T vector (compare T and T 
of Fig. 40/i) is opposite to the effect of mak- 
ing the heart more vertical (compare T ol 
Fig. 40A with T of Fig. 40/). Thus when 
both effects occur simultaneously — after exer- 
cise, for instance — they may tend to neutral- 
ize one another; again, either effect may pre- 
dominate. 

Thus, the T wave may change without 
change in the QRS complexes; the QRS 
complexes may change without change in the 
T waves; and, finally, both the QRS com- 
plexes and T waves may change under non- 
pathologic conditions. When one considers 
the great number of possible normal varia- 
tions In cardiac position; the fact that the 
effects of so many factors, such as posture, 
rate change, food, tobacco, emotional ten- 


sion, etc., are commonly seen in electrocar- 
diograms; and the fact that the latter changes 
can be evaluated only in terms of the princi- 
ple of the ventricular gradient, it must be 
concluded that the empirical approach to the 
evaluation of electrocardiograms is almost 
hopeless. It is to be noted the 16 diagrams 
of Hgs. 40 and 41, representing 32 possible 
normal electrocardiograms (a small fraction 
of the total number of possibilities), actually 
were made from a single representation of the 
QRS-T relationship, namely the model of the 
QRS loop with the mean spatial QRS vector 
and spatial ventricular gradient vector at- 
tached as described above. This application 
of the principle of the gradient is the only 
means presently available of bringing some 
sort of order to interpretation of T wave 
changes in the electrocardiogram. The same 
statement applies to the evaluation of RS-T 
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elevations and depressions which are to be 
discussed in detail in the chapter on coronary 
disease. 

With respect to the precordial leads it 
should be noted that the eftect of diminution 
of the magnitude of the gradient (by in- 
creased rate, exercise, etc.) can be analyzed 
by employing the two monophasic curve 
method illustrated in Figure 3Ia. This figure 
shows that as the gradient diminishes (when 
the two monophasic curves approach one 
another in form and duration repolarization 
approaches a uniform rate) the T wave be- 
comes lower and then inverted when the QRS 
is largely upright. Actually, following food 
and exercise or food and smoking it is not 
rare to find inversion of the T waves in all 
the precordial leads in perfectly healthy 
young adults. RS-T depressions are very com- 
mon under these conditions. 

It is to be noted that Ashman found that 
with increasing rate the ventricular gradient 
not only diminished in magnitude but its di- 
rection usually deviated somewhat to the left. 

In some normal persons the magnitude of 
the ventricular gradient is greater than the 
usual. This causes the T vector to become 
targe and to point more toward the direction 
of the gradient (see T, Fig. 33). 

As has been indicated in the discussion 
introducing the ventricular gradient (p. 50 
and Figs. 35 and 38 [monophasic curves and 
vector diagram]) if all other conditions re- 
main the same the direction and magnitude 
of the net gradient potentials remain the same 
regardless of changes that may take place in 
intraventricular conduction. Thus if transi- 
tory right or left bundle branch block occurs 
without other changes the QRS and T waves 
change but the magnitude and direction of 
the spatial ventricular gradient tends to re- 
main the same. This is apparent from the 
^.^^observation that in any lead the algebraic sum 
QRS area and the T area (the com- 
'■'^’^nent of the gradient in that lead) tends to 
remain the same (Fig. 39). Departures from 
the rule observed in premature beats probably 
result from the altered motion of the heart 


which results from marked change in the se- 
quence of activation of the two ventricles. 

Again, it seems that with the development 
of left ventricular hypertrophy the gradient 
usually remains unchanged in magnitude so 
that when the QRS becomes larger the T 
wave must become smaller and vice versa. 

It is important to realize that a lateral wall 
ischemia in the proper location may diminish 
the ventricular gradient in precisely the same 
manner as depicted in Fig. 40e. When this 
occurs distinguishing the resulting tracing 
from one occurring as a result of diminution 
of the gradient by nonpatbologic conditions 
cannot be left to isolated mensuration of the 
complexes of the electrocardiogram. If the 
rate is not rapid, if the patient has not re- 
ceived digitalis, if he has not eaten a meal 
within three hours, etc., then the change is 
indicative of a pathologic process. If the 
patient has had digitalis (and if it is not clear 
that he needs it )it will be necessary to dis- 
continue the drug for several weeks and then 
make further observations. The presence or 
absence of the food factor may be determined 
by making observations under basal condi- 
tions and again one hour after a full meal, 
preferably before and after breakfast (Fig. 
44). If the rate is rapid one can evaluate 
the electrocardiogram when it has become 
slower. 

In most instances the location of myocardial 
ischemia is such that it changes the direction 
of the gradient as well as its magnitude. The 
gradient as projected upon the frontal plane is 
deviated to the left in diaphragmatic wall 
ischemia and to the right in lateral ischemia. 

Practical Application of the Model Loop 
and Vectors 

Throughout this book, to the extent to 
which this is possible, electrocardiographic 
phenomena are presented in terms of the 
spatial QRS loop and the mean spatial QRS, 
T, and gradient vectors. The spatial construc- 
tions are made by projecting the frontal plane 
loops and vectors into three dimensions. For 
the normal one simply finds by trial and error 
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Fio. 44. Electrocardiograms before and one hour after a meal: 

Top, Normal clockwise heart. Note inversion of T in aVr as well as in Leads 
II and in. 

Bottom, Counterclockwise rotated normal heart T in Lead I is smaller; T in 
Lead III is more positive after food. 


the orientation of the model of the idealized 
loop which when projected upon the frontal 
plane, most nearly matches the loop which is 
constructed from (he limb leads. This may be 
done either by holding the model at eye level 
and visualizing the projection upon the frontal 
plane (see p. 26) or by clamping the model 
in a stand and throwing its shadow upon a 
triangle employing a source of parallel zays 
of light (Fig. 45). 

When the orientation of the model loop is 
found that most ciosely matches the frontal 


plane loop constructed from the limb leads 
the shadow (or frontal plane projection) of 
the spatial gradient vector gives the predicted 
direction of the ventricular gradient. This 
method may be more accurate if the direction 
of the mean QRS is also constructed and 
matched by the shadow of the mean spatial 
QRS vector of the model at the same time 
that the loop is matched Some consideration 
can be given at times even to the magnitude 
of die constructed mean QRS, which is small 
in apex-back hearts. Obviously the method 
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Flo. 45. The drawing shows the frontal plane QRS loop, and the frontal plane QRS, T, 
and gradient vectors constructed from the standard limb leads. 

At the upper tight is a photograph of the frontal plane loop itcorded with the cathode ray 
oscilloscope. 

At the upper left Is a photograph of the model loop held in such a position that its projection 
(shadow) most nearly matches the constructed frontal pbne loop. The direction of the mean 
QRS is also matched as closely as possible. Note, in this photograph, that the predicted direction 
of the gradient vector (the shadow) is only 8* to the right of the measured direction in the 
drawing. 


of loop matching is valueless if the loop is 
abnormal. 

It is to be noted that when we plot the 
QRS loop on the frontal plane as described in 
Fig. 45 and then orient the model loop in 
space so as to correspond with this frontal 
plane loop the projection of the gradient vec- 
tor of the model upon the frontal plane fre- 
quently does not predict accurately the direc- 
tion of the ventricular gradient as measured 
from the tracing. One reason for this becomes 
apparent after some experience with the model 


loop. When the apex is back the slightest 
rotation of the model about the anatomic axis 
causes enormous changes in the vector direc- 
tions as projected upon the frontal plane. In 
these cases, also, the complexes are generally 
quite small and therefore the greatest errors 
in measurement are made. 

Again, the matching of the constructed 
frontal plane loop frequently is erroneous be- 
cause of a slight distortion of the loop which 
ouses its projection on the frontal plane to 
be much narrower or wider than it would be 





Fio. 46. A number o( limb lead electrocardiograms from normal individuals which the 
reader may employ in practicing with his model QRS loop and T axes Electrocardiogram a 
wilt be found to correspond to the loop held in the position and rotation shown in Fig 40/ The 
limb leads of b will be found to correspond to the loop held in a rotation midway between 
b and c of Fig. 40: the loop is still counterclockwise but less so than in b, and its long axis is 
just about perpendicular to the line of Lead 111. c corresponds fairly closely to the loop held In 
the position and rotation shown in Fig. 40g. d corresponds to the position and rotation shown 
in Fig 40c but Is probably a little more vertical, e corresponds to the loop held in the position 
and rotation shown in Fig. 40h. ] corresponds fairly closely to the loop held In the position and 
rotation shown in Fig. 40d’. 

Note that the T waves also correspond to the T vectors attached to the model. 

A B 


Before exercise After exercise Before exercise After exercise 



Fio. 46 {.Ceminued). A. In a the QRS complexes and T waves correspond 
closely to the projection of the model held as shown m Fig 41tf. After exercise 
the anatomic axis Is more vertical so that the QRS complexes correspond to the 
model held in the position and rotaiioo shown in Fig. 4lc. However, T is now 
the T axis. lor the gradient has been diminished by the exercise (rapid rate, 
etc.). In B the complexes correspond to the model held in the position and 
rotation shown in Fig. 41fl. After exercise the position and rotation seem to 
have changed very little but J' is the T axis (Fig. 41a) as a result of diminution 
of the gradient. 
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Fio. 47. A series of tracings made on the same patient at the same sitiiog. A, 
made sitting up, corresponds to the loop m the position and rotation shown in 
Fig. 40/. S, made sitting up bolding a deep breath, roughly corresponds to Fig. 40g. 
Note that the T waves and QRS complexes both correspond to the diagrams 
referred to in Fig. 40g. The deep breath apparently causes a clockwise rotation of 
the heart. With the patient supine (C) the limb leads correspond to the loop in an 
orientation somewhat like that of Fig. 40/ but a bit more vertical. With a deep 
breath (D) the heart now becomes more vertical and the loop is in the orientation 
shown in Fig. 40/ but rotated a little more clockwise (the loop as projected on the 
frontal plane is narrower as evideoced by the small deflection in Lead III). 

The example does not establish a rule for changes due to changes in posture. 
Postural changes vary a great deal and a deep breath sometimes produces counter* 
clockwise rotation. One factor in the case illustrated is a rather large abdomen, 
which with the patient sitting on an examining table caused the diaphragm to be 
pushed upward. 


without the distortion. Eccentricity effects 
play a part in producing these errors. 

Thus no narrow limits for the normal di* 
rection of the gradient have been established 
for the single electrocardiogram. However, 
wide divergence from the direction predicted 
by the method described above is to be held 
suspect. 

It should never be forgotten that the direc- 
tion of the ventricular gradient (and of the 
T wave) can be evaluated on!y in relation to 
the mean QRS. At times (e.g., after exercise) 


the mean QRS and the gradient (as measured 
from the limb leads) become larger than be- 
fore (as a result of change in cardiac posi- 
tion). However it will generally be found that 
the gradient has not become proportionately 
as large as the mean QRS so that it is rela- 
tively shorter. 

Figures 46 and 47 represent practical ex- 
amples of electrocardiographic changes re- 
sulting, in Fig. 46, from heart rotations sim- 
ilar to those shown in Figs. 40 and 41, and 
in Fig. 47 from changes in posture. 
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6. Injury 


Acute injury to the myocardium such as oc- 
curs as the result of application of chemicals 
to the surface, inflammation, and (most com- 
mon) deprivation of Wood supply produces 
an increase in the permeability of the cell 
membrane and a reduction of its electrical 
resistance so that the injured cell membrane is 
partially depolarized and a current flows in 
the resting state. This current is called the 
current of injury. This situation is represented 
in Fig. 48. The dashed portion of the nieni* 
hrane is the injured portion. A simple method 
of regarding the electrical effects produced 
by the injured zone depicted in Fig. 48 is to 
attribute them to the imbalance between (he 
dipoles on the opposing surfaces of the mass 
of syncytial muscle. Since there are three 
more dipoles pointing toward the left than 
toward the right the potential produced by the 
current of injury may be represented by a vec- 
tor, Ci, which points toward the endocafdial 
surface. The injury represented involves the 
epicardial surface. 

With the onset of the injury the cufrent 
of injury causes the base line of the (racing 
made by placing an electrode at P to drop to 
a negative value as indicated in Fig. 48^- It 
is important to realize that this is not dis- 
cernible in clinical electrocardiography. When 
the ventricle is activated in the usual manner 
(Fig. 486) the wave of excitauon produces a 
potential which in this case is greater than 
the current of injury and in the opposite di' 
rection so that the potential at P rises (R 
wave) to a positive value (Fig. 486). \Vhcn 
activation is complete (Fig. 48c) the poten- 
tial at P is zero. Early in the injured state the 
rate of repolarization in the injured flbefS is 
apparently not affected or becomes even tnore 
rapid than normal and rcpolarization occurs 


in the usual order (more rapidly at the epi- 
cardial surface) so that the potential at P 
rises to positive values during repolarization. 
The T wave remains upright (Fig. 48e). 
When repolarization is complete the resting 
stale is again achieved and the potenial at 
P returns to the resting negative value result- 
ing from the current of injury (Fig. 48/). 

Thus it is seen tn Fig. 48 that the current 
of injury produces a downward displacement 
of all portions of the record except that por- 
tion which we know is at zero potenial, the 
RS-T segment. Actually on clinical electro- 
cardiograms the level of the interval between 
beats is regarded as the base line and the 
RS-T segment appears to be elevated. Thus the 
RS-T shift has a direction opposite to that of 
the current of injury and may be represented 
in Fig. 48/ as a vector i opposite in direction 
to Ci. This reversal of the direction of the 
vector employed In graphic representation of 
the shift that results from a current of injury 
has caused considerable confusion for the be- 
ginner. Careful attention to Fig. 48/ should 
clarify this matter. 

The two monophasic curves representing 
the electrical effects of the injured muscle 
«c shown in the figure. The curve repre- 
senting the potential changes of the endocar- 
dial surface is unaffected. The injured epi- 
cardial surface must be represented by a 
monophasic curve of smaller amplitude, be- 
cause fewer dipoles are present on this sur- 
face. The relative duration of the two mono- 
phasic curves may remain the same as in the 
normal, but (he curve for the injured surface 
may be of shorter duration (more rapid re- 
polarization than normal). 

If the injured muscle regains its full polari- 
zation it has recovered from the “injured” 
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state and will no longer produce an injury 
ciurent and an RS-T shift. However, the in- 
volved fibers may still remain altered or im- 
paired so that their rate of repolarization is 
slower than normal. Under such conditions 
(called ischemia) there would be (Fig. 49) 
an inversion of the T wave at the electrode P 
if the epicardial surface is the one Involved. 
The Q-T interval in ischemia is frequently 
prolonged. 

Frequently, soon after the “injured" state 
occurs there are neighboring areas of ische- 
mic muscle and the electrical effects are as 
depicted in Fig. 50. There is a combination 
of RS-T shifts due to injury and a terminal 
inversion of the T due to the ischemic zone. 

If now the injured zone dies or recovers to 
the extent that it becomes ischemic the RS-T 
shift diminishes and the T wave becomes in- 
creasingly inverted. If the muscle dies the 
R wave becomes smaller as the RS-T shift 

Fra. 48. A segment of ventricular wall rep- 
resented in the resting stale. Ep is the epicardial 
surface: En the endocardial surface. P is an 
electrode placed at such a distance that there is 
liiite ditference between the solid angle sub- 
tended by the endocardial and epicardial sur- 
faces of the segment of ventricular wall. 

The epicardial surface (dashed) is injured 
and is therefore represented as being partially 
depolarued (fewer dipoles are shown per unit 
area of membrane) and producing a current of 
injury represented by the vector Ci. The current 
of in;ury lowers the baseline of the tracing as 
shown. 

b. Depolarization of the endocardial surface 
of the segment of myocardium produces the 
positive deflection (R wave), c. Complete de- 
polarization brings Che tracing to zero (which is 
above the baseline) 

d and e, Repolarization is more rapid at the 
injured surface in early injury and the T wave 
is upright. 

f. Return to restlrg slate. When the current 
of Injury Ci is directed away from the electrode 
P the RS-T shift is upward. Therefore if a 
vector is constructed for the current of injury 
(vector Ci) the RS-T shift produced by the 
current of injury must be represented by a 
vector of the same magnitude but opposite In 
direction (0- 

The representation of the net effect by re- 
duemg the amplitude (partial depolarization) 
and shortening the duration of the epicardial 
nonophasic curve is shown in /. 
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diminshes because dead muscle produces no 
electrical effect. If the muscle does not die 
but recovers to the extent that it becomes 
ischemic (or recovers altogether) the R wave 
remains unaffected. 

The complete sequence of changes gen* 
erally seen following an “injury” is depicted 
in Fig. 51. 

The most common clinical condition in 
which “injury” occurs is coronary disease. 
When the blood supply to a segment of 
myocardium is cut off, the electrocardiogram 
goes through the series of changes described 
above.* In man the early injury tracing with 
the T wave in the same direction as RS-T shift 
may change within a few hours. The dura- 
tion of the deprivation of blood supply proba- 
bly determines the degree of injury of the 
involved muscle. The “injured” state with 
partial depolarization as depicted above is 
generally a temporary condition. Usually the 
muscle either dies or recovers in some mea- 
sure. In angina pectoris the muscle usually 
recovers within a few minutes so that the 
electrocardiogram is frequently normal be- 
tween attacks, and shows abnormality (RS*T 
shifts characteristic of injury) only If made 
during an attack. During recovery from most 
attacks of angina the tracing changes from 
the injury (RS-T shift) type back to the 
previous appearance without going through 
an “ischemic” change. In other cases if the 
anginal attack is suihciently severe or of long 
• The primary inversion of the T wave seen 
by Bayley as the first change occurring in experi- 
mental coronary occlusion in dogs is not gen- 
erally seen in man under clinical conditions. 

Fig. 49. Ischemia of the cpicardial layers 
and surface of a segment of ventricular wall. 
Ischemia slows the rate of repolarization of the 
affected fibers. 

This figure shows how slower repolarization 
of the epicardial surface produces an inverted T 
wave at P. The net effect can be represented by 
lengthening the monophasic curve representing 
the electrical effect of the epicardial surface 
(Fig. 3 1 b. 1.2 and 3). 

Note that ischemia is apt to proltmg the Q-T 
interval. 

A vector showing the direction and magni- 
tude of the ischemic effects, as in e, is called the 
ischemic vector (Is). 
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Fic. 50. Epicardial injury and ischemia, a. 
Two neighboring normal segments of ventricu- 
lar wall, b. The upper segment becomes injured. 
c, The upper segment is injured and the lower is 
ischemic. Simple summation of the effects of the 
two regions produces the complexes recorded at 
an electrode corresponding to P of Fig 48. 

The figure shows the common sequence of 
events observed in human electrocardiograms 
when injury occurs. 

duration, the muscle recovers from the in- 
jured state but is left in the altered stale 
(ischemia) described above which causes it 
to be slow in repolarization. In such cases 
changes may be found in the electrocardio- 
gram between attacks. These changes may of 
course, depend upon a continued lesser 
degree of diminution of blood supply (coro- 
nary insufficiency, ischemia). 


If the deprivation of blood supply to a seg- 
ment of myocardium is complete and perma- 
nent some of the muscle in the center of the 
area will certainly die (infarction) while a 
surrounding area will probably be deprived 
of part of its blood supply (ischemia). If 
infarction occurs the QRS will be affected 
because, as stated before, dead muscle can 
produce no electrical effects. In Fig. 51 one 
inay see as the inus^e dies a Ttdation^ip be- 
tween the disappearance of the injury effect 
and the appearance of QRS changes. 

Wilson felt that if the coronary blood sup- 
ply of a segment of left ventricular wall was 
cut off the epicardial layers of muscle would 
be affected to a greater extent than the endo- 
cardia! fibers, which were maintained in good 
state by the direct blood supply from the 
cavity of the ventricle. Thus, Fig. 48 may be 
taken to depict what usually occurs when the 
vessel supplying a segment of left ventricular 
wall becomes occluded. However, at times it 
appears that the endocardial fibers suffer the 
most (subendocardial injury-^-see Fig. 52). 
When this occurs the R^T shift is down- 
ward in a tracing made with the electrode 
over the epicardial surface of the injured area 
and the ischemic T wave when it occurs is 
upright and high (Fig. 53). 

Effect of Localized Injury on the 
RS-T Segment in the Limb Leads 

Figure 54 represents an area of "injury" 
(due (o coronary disease) in the lateral wall 
of the left ventricle. Visualizing the changes 
depicted in Figs. 48 and 49 as occurring in 
sequence in the involved area of the myocar- 
dium shown in Fig. 54, we construct vectors 
Ci and i to represent respectively the current 
of injury and RS-T shifts produced by the 
current of injury in the earliest stages, and 
vector Is to represent the resulting ischemia 
effects occurring during repolarization in the 
later stages. If we plot I we obtain the direc- 
tion of the RS-T shift in the various limb 
leads. For the early injury effects we may 
plot the normal T wave following these shifts 
(a). However, during the early stage current 
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of Fig. 50. Note leogtheoing of Q-T on March 16 and 19. 


of injury effects may completely oppose and 
reverse the direction of the normal or pre* 
vious T wave. If we add to the normal T wave 
vector the vector !s (employing the parallelo* 
gram of forces) we obtain the resultant T 
wave vector T, which occurs as a result of 
ischemia after the earliest injury stage (b). 
Findlly when the injured state has disappeared 
only the ischemic effects (c) remain as shown 
in completes labeled e. This series of com- 
plexes, then, represent the characteristic series 
of electrocardiographic changes that occur 
following a lateral wall injury, followed by 
ischemia. If rapid recovery follows injury 
the T wave may return to normal. 

Figure 55 shows the electrical effects of 
an area of injury in the diaphragmatic wall 
of the left ventricle. The derivation of the 
RS-T shifts is accomplished in the same man- 
ner as for Fig. 54. A downward shift in the 
RS-Tj and upward shift in RS-Tm are char- 
acteristic, but, of course, the direction and 
magnitude of the shifts in the limb leads de- 
pends upon the direction and magnitude of 
the vector /, which in turn depends upon the 


orientation of the involved area of ventricular 
muscle. The precordial electrodes generally 
face the endocardial surface of the injured 
icpon and the RS-T segments are usually dis* 
placed downward in those in which it is dis- 
placed. 

Figure 56 shows the derivation of the 
precordial leads for the areas of injury in- 
dicated. The electrodes that face the eplcar- 
dial svr[ace of the injured area record com- 
plexes which show an elevation of the RS-T 
segment while those that face the endocardial 
surface show a depression of the RS-T seg- 
ment. Again, in those leads that show an 
elevation of the RS-T segment the T wave 
becomes inverted in the later ischemic stage; 
and where there was a depression of the 
RS-T segment the T waves later become high 
and upright. Note that in pericarditis no pre- 
cordial electrode looks toward the endocardial 
surface of the injured area and all of these 
leads will show elevation of the RS-T seg- 
ment. In subendocardial injury the reverse is 
true, i.e. all precordial leads show depression 
of the RS-T segments. 
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Fio. 52. Left; Eodocardial injury. Right; Transmural injury, a, resllng; 
b, depolanzalion; c, fully depolarized; rf, early repolarizalion; e, f. repolariza- 
tion completed. In endocardial injury the Current of injury and RS-T shifts 
are m the opposite direction to those which occur m epicardial injury. The 
net effect may be represented by diminisbins the amplitude and the duration 
of the endocardial monophastc curve. 


Effect of Localized Injury on the 
QRS Complexes 

If the direction of the current of injury is 
the same as that of the R wave in a given 
lead it may cause the tracing to reflect QRS 
changes that arc more apparent than real. 


Figure SIB shows an apparent reduction in 
R as measured from the new base line, which 
results entirely from the current of injury. 
If recovery takes place without death of 
muscle the R will return to its previous height 
(Ftg. 57B). This figure represents an anterior 
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Fic. 53. Endocardial injury and hchetnia. 
Compare Fig. 50 which represents epicardial in' 
jury and ischemia. 

Note that the RS-T segments arc displaced 
downward for an electrode at the epicardial 
surface and (hat the ischemic T waves are ex- 
cessively high. 

subendocardial injury. The forces that nor- 
mally produce the R wave produce the same 
positive potential at P which they would nor- 
mally, but because the base line is shifted the 
R is apparently smaller than normal. Also, 
the S being written by the uninjured lateral 
and posterior walls reaches its usual absolute 
depth and appears to be a larger deflection 
than normal as measured from the new base 
line because it occurs after the current of in- 



Fic. 54. Lateral wall injury followed by 
ischemia. The principles developed in Fig. 48, 
49, and SO are applied to the limb leads. The 
vectors Cl and i represent the magnitude and 
direction of the current of injury and the RS^T 
shifts respectively. The vector Is represents the 
later effects of ischemia of neighboring regions. 

jury has been wiped out by depolarization of 
the apex. 

If there is anterior epicardial injury (Fig. 
51A), which is common in early anterior 
myocardial infarction, the current of injury 
is opposite in direction to the forces which 



Fkj. 55. Diaphragmatic injury followed by 
ischemia. The construction follows the same 
method employed for Fig. 54. 
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Fio. 56. Summary of RS-T and T effects of injury followed by Ischemia to the precordial 
leads. 

The method of analysis b the same as that employed for Fig. 54. Column A, Vj, Vi, and 
V», in anterior injury followed by ischema. Column B, Vu Vi. and V., in posterolateral injury 
followed by ischemia. Note that electrode at Vt is facing one side of the lesion while Vi and Vi 
are facing the other. \s a result the sequence of effects at Vb is the reverse of that seen at Vi 
and Vt. Column C, V|, Vt. and V* in pericarditis, (o) acute and (6) subacute. Column D, 
Diffuse subendocardial injury. 


produce the R wave in Lead Vj represented 
m the figure. When depolarization occurs 
there is actually less positivity at P than nor- 
mal but the downward displacement of the 
base line makes it appear that R b un- 
changed. On the other hand, if an S is pres- 
ent which is derived from depolarization of 
the base and lateral wall of the ventricle, the 
S wave will be drawn upward; it will appear 
smaller as measured from the new “tose" 
Ime. This occurs because depolarization of 
the injured zone has wiped out the current 
of injury (temporarily). Under these ciiciun- 


stances the negative deflection S must be 
drawn or constructed from zero as a base 
line instead of from the altered base line due 
to the current of injury (Fig. S4A-b). This 
latter phenomenon is very commonly seen 
(Fig. 58, leads III, Vj). If infarction occurs, 
of course, the R will diminish or disappear 
for it is derived from the involved zone. If 
R disappears the normal S becomes a *‘Q” 
orQS. 

If epicardial injury occurs (Fig. 57C) in 
the posterolateral wall of the left ventricle 
where the S originates for the lead chosen 









Fig. 57. Secondary QRS efTects of injury. 
A, Upward displacement of S wave by anterior 
epicardial injury current, a, Complex before in* 
jury, b. Injury (two complexes). Note change in 
baseline, c. Recovery from injury, ischemia re- 
maining causing invenion of T. d, Complex 
which occurs if transmural infarction follows 
injury. 

B, Anterior endocardial injury, a, Qunplex 
before injury, b. Injury (two complexes). Note 
diminution of R and increase of S as measured 
from new baseline, c. Recovery from injury, 
ischemia remaining causing increase in height of 
T. d. Complex occurring if infarction of the 






endocardial layer of fibers occurs. The QRS 
may be little affected because the overlying 
epicardial fibers still produce an R and the S is 
derived from the basal regions and lateral wall. 

C. Postenor lateral epicardial injury, a. Com- 
plex before injury, b. Injury (two complexes). 
Note R and S remain the same as measured 
from the new baseline. Some change in R oc- 
curs at limes as described in text, e. Recovery 
from injury; ischemia remaining produces high 
T waves similar to those occurring in anterior 
endocardial ischemia (see B). 

D, Posterior lateral endocardial Injury. Note 
similarity to anterior epicardial injury in every 
detail. 





INJTJRY 


79 


for analysis, the R will appear to be of 
normal amplitude. Here the current of in- 
jury is in the same direction as the forces 
producing the R wave and both are in effect 
at the same time. The base line is displaced 
upward, the R adds its total effect to the 
potential at P because it is not derived from 
the injured zone; while the potential at P is 
greater than normal it is apparently un- 
changed from the normal because the base 
line b shifted upward.* When the S is in- 
scribed less negativity is produced at P than 
normal but because of the shift of the base 
line it appears to be of normal magnitude. If 
infarction occurs S becomes smaller, because 
it is the portion of the ventricle which nor- 
mally produces the S which is infarcted. If 
we place P at Vo the changes become those 
* However, R is apt to be wider than normal 
because for a short period of time the apex and 
base both contain waves of excitation (0.025 
second-0.035 second); the injury at the base, 
where activation generally opposes the effects of 
apical activation upon the potential at P. causes 
the potential at P to remain positive for a longer 
period of time (Fig. 112). 
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which occur anteriorly for an anterior injury 
or infarction except that there is often little 
or no S at Vg. 

If a posterior subendocardial injury occurs 
(Rg. 57D) the changes are quite similar to 
those of the anterior epicardial injury. 

The effects of pericarditis resemble those 
of a diffuse epicardial injury producing up- 
ward shifts In virtually all standard limb 
leads (except Lead III in horizontal hearts) 
and prccordial leads followed by T wave 
inversion. 

During many acute attacks of angina pec- 
toris it appears that a diffuse subendocardial 
injury may be present. 

It IS important to note that actually injury 
b frequently transmural reaching and affect- 
ing both the epicardial and the endocardial 
surfaces. The net effect as represented here 
will depend upon which surface b more in- 
jured. Furthermore, this balance may change 
within a short time In any given case. A more 
detailed discussion will be undertaken in an- 
other connection. 
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7. Ischemia 


The effects of myocardial ischemia such as 
results from coronary sclerosis have been 
described in the chapter dealing with In- 
jury. The characteristic electrocardiographic 
changes that occur in ischemia result from 
the slower rate of repolarization in the ische- 
mic zone, particularly at the epicardial 
surface. 

A separate discussion of ischemia is neces- 
sitated by the fact that in many cases the ■$- 
chemic effects are seen alone. Either the pa- 
tient is not seen sufficiently early to obtain 
tracings during the "injured” state or the 
Utter state does not occur. Figure S9 repre- 
sents a zone of ischemia in the lateral wall 
of the left ventricle constructed precisely as 
it was for the ischemic effect following injury 
in Fig. 49. In Fig. 59 the effects of varying 
degrees of ischemia are represented by a 
series of ischemic vectors (Is) of increasing 
magnitude. The effect of these various degrees 
of ischemia upon the T wave of the electro- 
cardiogram is developed by adding the vectors 
representing them to the normal T vector 
employing the parallelogram of forces. 

Figure 60 is a series of electrocardiograms 
made on the same patient showing the entire 
range of ischemic changes developed in 
Fig. 59. 

Posterior ischemia may be represented in 
the same manner employing the ischemic vec- 
tor of Fig. 55 (see Chapter 6). Figure 61 is 
a series of electrocardiograms on the same 
patient illustrating increased ischemic effects 
produced by an attack of angina in a patient 
who had had a posterior myocardial infarc- 
tion some months before and who still had 
ischemic T waves as a result of that event. 

Ischemic T waves may be the only evidence 
of an attack of angina or of a series of at- 
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tacks of angina. They may also appear with- 
out angina. Having appeared they may dis- 
appear within a few days and then reappear. 
Again they may gradually disappear over a 
period of several weeks or months or they 
may remain permanently. 

It is important to point out that as shown 
in Fig. 60b the T waves need not be inverted 
in Lead I to indicate ischemia. Whenever the 
direction of the T wave axis is seen to change 
as from T, to (Fig. 59) without significant 
change in rate or in the absence of other non- 
pathologic conditions that may explain it, 
ischemia should be suspected. The ischemic 



Fio. 59. Lateral ischemia (the stippled area 
is bebemie). 

I, is the uchemia vector correspondiag to that 
shown in Fig. 54. 

r« is the normal mean T vector. 

The figure shows the effect of increasing de- 
grees of ischemia. As Is is increased in length 
Its vectorial addition to produces, succes- 
sively, vectors Ti. Ti, and Ti. The corresponding 
T waves in the limb leads are so labeled. Cor- 
responding tracings from a patient are shown in 
Fig. 60. 
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Fro. 60. Anterolalcral Ischemia, A serks of tracings from a patient with progres- 
sively increasing ischemia, producing the series of T wave changes in the limb leads 
constructed in Fig. 59. In o the T axis corresponds to Tt of Fig. 59; in b the T axis 
corresponds to Ti\ in e the T axis corresponds to T*; and in d the T axis corresponds 
to Tt, of the same figure. 


effects capable of producing this change may 
be too small to cause inversion of the T waves 
in the precordial leads. It was Ashman who 
first pointed out the pathologic significance of 
such rightward deviation of the electrical axis 
of the T wave in the limb leads. 


It is of utmost importance to point out here 
that in the interpretation of T wave changes 
observed in a series of electrocardiograms the 
effect of nonpathologic factors must be ruled 
out. The similarity between the T wave 
changes produced by ischemia in Fig. 3821 
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Fiq. 61. Diaphragmatic ("posWrior") wall 
ischemia. Senes of tracmg showing increasing 
degrees of posterior {schema due to angina in a 
patient who had sustained a diaphragmatic wall 
infarction. 

to those produced by rate changes in Tig. 
38<d must be apparent. Other facton dis- 
cussed in Chapter 5 must be considered in 
this connection The necessity for employing 
the principle of the gradient and some knowl- 
edge of the factors governing the magnitude 
and the direction of the gradient must again 
be emphasized. 

If the ischemia were more apical in loca- 
tion the effect would simply be to shorten the 
T-wave vector (Fig. 62) in mild ischemia and 
finally to reverse its direction for higher 
grades of ischemia. Thus in the milder de- 
grees of ischemia ali the T waves would sim- 
ply become smaller in magnitude. 

In posterior ischemia the evidence is more 
difficult to evaluate. Inverted T waves in 
Lead III are common normally and inverted 
T waves in Lead II may occur. Unless these 
are very large as in Fig. 61 they cannot be 
evaluated easily. Once again delcrminalioa of 
the direction and magnitude of the gradient 
is a better criterion than attempting to ana- 
lyze T wave directions empirically. 

If a section of Ventricular wall is ischemic 



Fio. 62. Apical ischemia (the stippled area 
is ischemic). The ischemia vector Is is, for- 
tuitously, opposite in direction to the normal T 
vector so that with slight ischemia (Is is short) 
the T vector simply becomes shorter T' and 
with more iscbemia its direction is reversed 
(T”). 

The T waves of the limb leads carry the label 
of the T vector to which they correspond. 

With a greater degree of ischemia the T” 
vector would become longer and large inverted 
T waves would appear in Leads J, JJ, Vs and 
V». 

it is probable that the epicardial and endo- 
cardial surfaces are both affected and it is 
likely that under these circumstances the first 
portion of the repolarization curve is flat for 
both surfaces. Under these conditions devia- 
tion of the RS-T segment does not occur. It 
follows also that if such transmural ischemia 
occurs the direction of the T wave changes 
depend upon which surface is most ischemic. 
While we follow- Wilson's assumption that the 
endocardial surface is generally less affected 
than the epicardial surface when a segment 
of the ventricular wall suffers diminution of 
its blood supply because of coronary disease 
It IS probable that the reverse occurs at times. 
This seems to be the case quite frequently in 
angina pectoris and occasionally at the onset 
of myocardial infarction. 

The Precordial Leads In Ischemia 
TTie precordial electrocardiogram in myo- 
cardial ischemia deserves detailed discussion. 
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Although vector representation was employed 
in discussing the effects of injury and ische- 
mia on the precordial electrodes in the pre- 
ceding chapter it is important to point out that 
this short cut in presentation may contain 
errors at a fundamental level. The precordia] 
electrodes are very close to the heart and as 
has been indicated in Chapter 3 the solid 
angle method of analysis is the most accurate 
presently available under these circumstances. 

Figure 63B shows a heart in which a low- 
grade ischemia has developed in the apical 
region, characterized by a slower rale of re- 
polarization at the epicardial surface in this 
region. Figure 63fi-o shows the early stage 
of repolarization. The slow rate of repolariza- 
tion at the apical epicardial surface is repre- 
sented by a delay of the reappearance of 
dipoles at this surface (compare with Figure 
63^-0 which depicts the normal). The effect 
upon the various precordial leads Is shown. 
All of the electrical effect at this lime is pro- 
duced by repolarization in the interventricular 
septum, because the effects of repoUrization 
of the endocardial and epicardial surfaces of 
the apex now counterbalance one another. 
No solid angles need be drawn because the 
ovenimplified diagram shows only one dipole. 
However, la considering the effects of Ibis 
dipole upon the potential at each electrode 
it is necessary to remember that the potential 
diminishes in proportion to the square of the 
distance iiom the area (dipole) producing 
the effect. 

At a later stage of repolarizalion of the 
ventricles (Fig. ^3B-b) the slower rale of 
repolarizalion at the epicardial surface of the 
apex is again represented by drawing fewer 
dipoles on this surface than in the normal 
(compare with Fig. 63/4— i), and again the 
endocardial and epicardial repolarization ef- 
fects are represented as counterbalancing one 
another instead of producing the effects seen 
in the normal. (Note absence of unbalanced 
dipoles at apex whose effects are shown in 
Fig. 63B-6 as small vectors pointing toward 
the epicardial surface). At this stage the elec- 
trical effects are derived from septal and 


lateral wall repolarization. If we draw solid 
angles from each electrode position to the 
septa! wall and the lateral wall of the left 
ventricle (giving each Its proper sign) we 
may analyze the electrical effects in the same 
way as was done for the QRS complex of 
the precordial leads. The results are shown in 
Fig. 63B~b and the completed complexes 
are found in Fig. 63B-c. The Q-T intervals 
may or may not be discemibly prolonged 
beyond the limits of normal. 

Ashman was the first to note that in antero- 
septal ischemia (or infarction) the QT interval 
may be prolonged in Leads V 2 and V 3 and yet 
remain normal in the limb leads because the 
ischemic vector is perpendicular to the frontal 
plane. 

Figure 64b is an illustrative electrocardio- 
gram from a patient with apical ischemia. 

Since the important effects are to be found 
in Figs. 63A-b and 63B-b (and because too 
detailed speculation regarding the beginning 
and end of repolarizalion is not yet war- 
ranted) the analysis of ischemia in other 
locations will be confined to this stage, which 
corresponds, in the normal, to the peak of the 
repolarizalion cffeeis. 

The effects that occur with a greater degree 
of apical ischemia are shown in Fig. 63C-h. 
Here repolarizalion is so slow at the epicardial 
surface that the potential across the apical 
wail is actually in the reverse direction to 
that which prevails in the normal. From each 
electrode solid angles must now be drawn to 
the septum, the apex, and the lateral wall. 
\Vhcn each is given its proper sign and the 
total effect estimated the results will be as 
shown in the figure. Actually most of the 
effects will be obvious at a glance. 

It must be noted that it is not believed that 
the precordial electrode records only or even 
mainly effects occurring subjacent to the elec- 
trode. Employment of the solid angle princi- 
ple attnbufes to every portion of the heart 
an effect on the electrode; the magnitude of 
the effect of each portion of the heart upon 
the electrode depends upon the orientation 
of the electrical effects occurring in that por- 
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Fio. 63. A, Hie normal T waves in ihe 
precordial leads, a, Early repolarizadon effects 
The small vectors indicate the balance between 
epicardial and endocardial repolarization, b. 
Later stage of repolarization, c. Full repolariza- 
tioo. 

The more rapid rate of repolarizatioa at the 
epicardial surface causes the net effects to have 
the direction indicated by the small vectors. It 
is to be re-emphasized that the T effects result 
from a rather ffne balance between opposing 
effects. 

It is apparent that as constructed the re- 
polarization effects produce positive T waves m 
all the precordiat leads. Qimmoo variations are 
described in Chapter III. 

B, Precordial leads in apical ischemia, a, b, 
and c are the same stages depicted in A. The 
stippled area is sufficiently ischemic for the rate 
of repolarization at the epicardial surface to be 
nearly equal to that at the endocardial surface 
instead of being more rapid. As a result the T 


effects of the apex of the left ventricle are lost. 
Thus the T waves in Ihe precordial leads are 
produced entirely by the normal repolarization 
effects of the unaffected regions. 

Under these circumstances the T waves may 
be unaffected at V, and Vi. lowered at V^. smalt 
and inverted at Vi and V», and small diphasic or 
upright at Va (see figure 64B). This is evident if 
one considers the effects of the remaining vec- 
tors of A upon of the electrodes. With slightly 
less ischemia the T waves in Vi, Vt, Va, and Va 
would all be low and upright. 

C. Precordial leads in ischemia, a. Diaphrag- 
matic or posterior wall epicardial bchemia. If 
repolarization is slower at the epicardial surface 
of the diaphragmatic or posterior wall the net 
repolarization effects point anteriorly and up- 
ward (solid tipped vectors). The result is an in- 
crease of the height of the T waves in the pre- 
cordial leads. If the hekemla reaelKs the 
posterolateral wall the T in Vi may be inverted. 

b. Marked apical ischemia. Repolarization is 
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so slow at the epicardial surface of the apex that 
the repolarization effects arc reversed. This 
causes, inversioa of the T wave in V», V«, V*. 
and V«. If the ischemia extends a bit more to 
the right all of the T waves in the precordial 
leads are inverted. 

c, Anterolateral ischemia. The reversed re- 
polarization effects are pointing toward Vi and 
Vs causing (be T waves In these leads to become 
higher than normal while the T waves in V«, Vs. 
and Vs are inverted. 


tioQ of (he heart and upon the distance be- 
tween that portion of the heart and the elec- 
trode. It is important to point out that the 
application of vector analysis (implying single 
dipole representaUon) would not give the 
results for Fig. 63B (mild ischemia) that are 
depicted in that figure. 

Figure 64fl shows the effects of antero- 
lateral bchemia. It is important to point out 
that the T in and Vn are apt to be higher 
than usual. It is also important to note that in 
mild degrees of anterolateral ischemia the 
findings are similar to those that occur in left 
ventricular hypertrophy and incomplete left 
bundle branch block, as well as after digitalis. 
The orientation of this area of the left ventric- 
ular wall is such that the effect of ischemia 
here directly opposes and therefore diminishes 
the normal ventricular gradient. 

In “posterior” myocardial ischemia the 
effects depend as always, upon the orientation 
of the ischemic area. If only the diaphrag- 
matic area of the left ventricle is involved in 
a transverse heart there wiU be no effects 
upon the precordial leads. If the posterior and 
sot the posterolateral wall is involved the 
effects will be as depicted in Fig. 63C-fl. It 
is to be noted that the effect of epicardial 
bchemia in the wall of the ventricle opposite 
to that subjacent to the electrode is to in- 
crease the magnitude of the T wave at the 
electrode under discussion. If the ischemia is 
posterioT and does not attend to the lateral 
wall the T waves may be increased in all the 
precordial leads. Unfortunately large T waves 
occur normally and it is impossible to estab- 
lish a criterion of normalcy. Again, serial 
observations of T wave potential may reflect 
more the effect of change in electrode position 
than the effect of change in T potentials. 

The effect of ischemia on the gradient can 
be constructed for Figs. 59, 61, and 62 by add- 
ing Is veclorially to the normal gradient vec- 
tor. 



Fra. 64. 4, Antero-lateral ischemia. Note increase in height of T in Vi and Va, 
while T in Vi and Va is inverted. 

The greater effect on Va than on Va is due to the fact that Va is much closer to 
the heart. 

B, Apical ischemia corresponding to Fig. 63B. 

C, It is to he recalled that in cbtfdren. young women, and Occasionally In men 
the T waves are normally inverted in V», V*. and Va. At times, because of the place- 
ment of the electrode the inversion is recorded only in Vi. C is such a tracing; it is 
entirely normal. 





8. Left Ventricular Hypertrophy 


When hypertrophy of the left ventricle occurs 
the wall of the ventricle is, by definition, 
thicker than it is normally. This change has 
been observed frequently by the writer when 
little enlargement of the heart has occurred. 
Frequently the apex is thicker in relation to 
the base than in the normal although at times 
even in very much enlarged left ventricles the 
apex remains quite thin while the lateral wall 
and base becomes much thicker than normal. 

Figure 65 represents the effect of a moder- 
ate increase in the size of the left ventricle 
and of increasing the thickness of the apex. 
Normally the short length of the vector that 
occurs at 0.025 second depends upon the early 
penetration of the thin apex by the wave of 
excitation. When this portion of the ventricle 
becomes thicker the early penetration of the 
apex of the left ventricle does not occur. This 
leads to a lengthening of the vector at 0.025 
second and gives it a more anterior direction. 
The persistence of a wave of excitation in the 
apex causes the vectors that follow also to 
have a more forward direction and greater 
length. The general effect is to cause the 
spatial QRS loop to have a more circular 
shape than is found normally, for the last 
portion of the loop produced by the base 
of the ventricle tends to remain unchanged. 

In some instances when the apex remains 
thin the loop may not become more circular 
but may simply be elongated as a result of 
the increased size of the ventricle and there- 
fore increased size of the wave of excitation. 

It is important to note that the persistence 
of the wave of excitation in the apex of the 
ventricle as described above accounts for con- 
siderable increase in the size of the complexes 
without the necessity of postulating noticeable 
enlargement of the heart This occurs as a 


result of the fact that there are, under these 
circumstances, large vectors which are par- 
allel to the frontal plane. In the normal 
spatial loop of Fig. 15 the longest axis (0.04 
second) points backward as much as to the 
left. 

While large complexes are the chief sign 
of left ventricular hypertrophy in the limb 
leads it is important to note that rather large 
complexes may be seen in normals, especially 
in thin young adults and adolescents. It is also 
important to point out that very much en- 
larged and hypertrophied left ventricles may 
sometimes produce relatively small complexes 
in the limb leads even when no edema or 
hydroiborax is present. No arbitrary standard 
for magniiude oj complexes, therefore, should 
be set up os a criterion. It is really the dura- 
tion of S in V|, V2 and V3 and the duration 
of R In V5 and Vj that is important. 

Generally when the ventricle is consider- 
ably thickened its depolarization requires 
more time than in the normal. Unfortunately 
a prolonged QRS duration of even O.IO second 
may occur in some normals. If both the dura- 
tion and magnitude of the QRS phenomena 
described above are greater than are com- 
monly expected, we may be more sure of the 
presence of left ventricular hypertrophy. The 
QRS duration may reach 0.12 second with- 
out the presence of left bundle branch block. 

The Precordial Leads in Left 
Ventricular Hypertrophy 

In the precordial leads, as shown in Fig. 
66, the depth and duration of the S waves in 
V- and Vj arc apt to be exaggerated and the 
height and duration of R in V3 and are 
apt to be greater than is generally seen in 
the normal. On the other hand it is important 
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Fto, 65. Development of loop in left ventricular hypertrophy. Depolarization of the 
ventricles is represented in four of the states employed for the normal. The thickened apex 
assumed to be present here causes a delay in the penetration of this region by the wave of 
excitation. This causes each of the vectors present at .02 second, .025 second and 04 second 
to be longer and to have a more forward direction. As a result the spatial loop bulging more 
forward becomes more rounded than the normal. The limb lead complexes which result are 
apt to be larger than the normal because the vector at, for instance. .04 second is more nearly 
parallel to the frontal plane than the 04 second vector m the normal and therefore has a larger 
projection on the frontal plane unless the apex back position occurs. The QRS b usually wider 
because depolarization of the thickened wall requires more time than m the normal. 

to point out that the R in and Vj may be large R waves in the left precordial leads may 
quite high (25 mm. is not unusual) in healthy occur in all three conditions, 
children and young adults. Although most hearts with hypertrophied 

A very common occurrence in left venlric- left ventricles seem to be rotated counlcr- 

ular hypertrophy is a loss of the R wave in clockwise and are transverse so that the limb 

Vj and very small R waves in Vj and at times leads show left axis deviation (electrical axis 

Vj are not uncommon. The explanation of to the left of 0") the fact remains that 

this phenomenon is not clear. It may result many normal hearts also produce limb leads 
from a very slight left bundle branch delay indicating left axis deviation. Furthermore, 

{sec Chapter 10). Distinction from the pre- many hypertrophied hearts do not show left 

cordial leads in anleroseptal infarction may axis deviation. This depends upon the ana* 

be impossible. The abrupt transition from tomic position and rotation of the heart, 

large S waves in the right precordial leads to Obviously the QRS loop of Fig. 65 may be 
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Fia. 66. The preeordial leads ta left ventricular hypertrophy. 

Comparison with the corresponding figure for the normal (Fig 23) reveab that the in* 
creased depth of S in Vi and Vt. the diminished magnitude of R in Vt and Vi, and increased 
height of R in Vi and V« (not shown) result from the larger waves of excitation which occur 
because the apical wall is not penetrated as rapidly as in the normal. 

If the heart Is enlarged the waves of excitation may be larger for this reason also. 


rotated clockwise just as was done with the 
normal loop (see Figs. 67, 68). 

Tfie T ffave in Left fentriciUar Hypertrophy 
The T waves in left ventricular hypertrophy 
may be entirely normal. Frequently, how- 
ever, they undergo a series of changes with 
advancing hypertrophy (Fig. 170), which 
theroretically may result from the increased 
time required for the wave of excitation to 
traverse the increased thickness of the ven- 
tricle. If we approach this problem in the 
manner employed in presenting the normal T 
wave (Fig. 28) and assume that depolariza- 
tion — and therefore repolarizalion — of the 
epicardial surface is delayed because more 
time is required to traverse the thickened 
wall the situation may be represented as in 
Fig. 31c. The epicardial monophasic curve 


must occur later than normally. The result 
is a lowering of the T wave. With greater 
delay (Fig. 3lc) a depression of the RS-T 
segment and an inversion of the T wave 
occurs if the QRS is largely upright; and an 
elevation of the RS-T and increase in the 
height of the T wave occurs if the QRS is 
largely negative. This phenomenon simply 
follows the principle of the ventricular grad- 
ient and is applicable to the precordial as well 
as the limb leads. If there is no ischemia or 
other lesion the gradient is unaltered in mag- 
nitude and direction and the increase of the 
area of the QRS which occurs in left ven- 
tricular hypertrophy must be accompanied 
by a compensatory change in the T wave (so 
that AQRS+AT remain constant). While 
more work needs to be done on this problem, 
measurement of the gradient in some 50 


90 


CLINICAL ELECTROCARDIOGRAPHY 




cases of left ventricular hypertrophy seems 
to indicate that the magnitude and direction 
of the gradient in relation to the mean QRS 
are about (he same as in the normal. 

Application of this principle to all leads 
results in the prediction that the T wave in 
leads with a large S wave as the prominent 
deflection (111, Vj, Vj, Vj) will become large 
and upright in most hypertrophies and that in 
leads in which a large R is present (I, Vj) 
the T will become flat and then inverted. 
When digitalis is administered the Q-T is 
shortened and further diminution of the grad- 
ient exaggerates these RS-T and T wave 
effects (Fig. 68). 

The onset of congestive heart fsiiure is 
generally accompanied by a diminution of the 
gradient and the RS-T shifts and T wave 
inversions become exaggerated. 

!n some cases of left ventricular hyper- 
trophy the limb leads are surprisingly small. 
The duration of the QRS complex in such 
cases is apt to be greater than normal. In some 
of these cases the small complexes result from 
infarction. In others this is clearly not the 
case. It is possible that in some of these 
cases the effect of eccentricity is Important. 


FiC. 67. The QRS loops of the normal and 
of left ventricular hypertrophy m various posi- 
C'ons and onentations a. Marked cowntercJock- 
wise rotation; b, slight counterclockwise rota- 
tion, e, slight clockwise rotation; d, transverse 
apex back slightly clockwise rotation; «, verti- 
cal apex back slightly counterclockwise rota- 
tion. 
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9. Right Bundle Branch Block 


Jn this presentation we will adhere to the 
classical concept that in bundle branch block 
there is delay or complete blocking of the 
impulse in the right branch of the bundle 
of His. Under the latter circumstance the im* 
pulse can only reach the right ventricle by 
traversing the thickness of the septum. For 
our purposes we assume that the time re- 
quired for activation of the interventricular 
septum from one side is about O.Od second. 

Fig. 69 represents a visualiration of the 
activation of the ventricles in right bundle 
branch block. The same phenomena that are 
postulated for the normal are pictured, but in 
the left ventricle alone until the septum has 
been traversed, Following this the appropri- 
ately timed waves appear in the right ventricle. 
The septum is activated only from the left 
side and the wave of excitation traverses it 
from left to right. 

The early O.OOi-secood stage does not differ 
from the normal. At 0.015 second the partial 
excitation of the left side of the septum and 
the more complete excitation in the left apex 
combine to produce a vector which points 
toward the right and forward. At 0.02 second 
the left side of the septum is probably not yet 
fuUy act/ysted so that ihe wave of excilalioo 
may be represented as in Fig. 69, 0.020 
second.* The vector constructed for this stage 
is the result of the addition of two vectors, 
one for the septal portion of the wave and (he 
other for the portion of the wave of excita- 
tion in the apex of the left ventricle. The re- 

•For the normal (Chapter 2) this stage of 
activation of the left side of the septum was 
drawn as a conHuent wave of excitation because 
this made it possible to eliminate a complication 
in drawing technic. It was felt that this was per- 
missible since it made little difference in the 
ultimate result in the normal. 


suftanf vector as shown in the figure probably 
points (0 the right of the anatomic axis. How- 
ever, if the excitation spreads more rapidly 
on the endocardial curface of the lateral wall 
of the left ventricle or more slowly over the 
surface of the left side of the septum this 
vector may not differ by much from the nor- 
mal vector for this stage. 

At 0.03 to 0.035 second activation has 
proceeded to the stage depicted in Fig, 69, 
O.OSO second. The entire endocardial surface 
of the left ventricle has been activated. At the 
apex where the ventricle is thinnest (and 
probably along the interventricular groove) 
the epicardial surface has been reached. If 
we construct a vector to represent the septal 
portion of the wave and another to represent 
the portion of the wave in the lateral wall of 
the left ventricle and add these vectorially 
(parallelogram of forces) the resultant will 
be as depicted xn the figure. The resultant 
veelof points toward the lateral wall of the 
left ventricle because the wave in this portion 
is larger in all dimensions than that in the 
septum. This vector is frequently shorter than 
that depicted in the figure for the difference 
between Ihe size of the wave of excitation in 
tbp JareraJ wall of the left ventricle and that 
in the septum is not very great unless the 
left ventricle is hypertrophied. 

The wave of excitation in the septum re- 
mains rather large during the succeeding 
several hundredths of a second while that in 
the lateral wall of the left ventricle becomes 
progressively smaller. At 0.06 second, as shown 
in Fig. 69, 0,06 second, the wave of excita- 
tion in the septum is larger than that in the 
lateral wall of the left ventricle. Vectors con- 
structed separately for these two waves make 
such an angle with one another that the 


n 



RIGHT BUNDLE BRANCH BLOCK 


93 



Fro. 69. Right bundle branch bloelc. 

Aetivatloa of the right ventricle is delayed by 0.06 second. The waves of excitation that 
BormaUy occur in the right ventricle are. therefore, delayed in their appearance by that interval. 
Thus for the Jrrst 0.06 second the electrical ejects are produced by tbe free wall of the left 
ventricle and by the interventricular septum. The latter structure being activated only from the 
left side and being rather thick throughout exerts a moderately large effect directed toward the 
right after the initial stages from 0 025 second to 0.06 second (until 0025 second the net effect 
is not greatly different from the normal; see text for details). At 0.03-0.035 second the wave 
of excitation in the free wad of tbe left ventricle is greater than that in the septum but by 
0.06 second it has become smaller and the resultant points to the right and frequently back* 
ward. After 0.06 second the effects result from the waves of excitation in the right ventricle 
which produces vectors directed forward and to the right. 

The characteristics of the limb leads are a wide S in Lead I and often a wide R’ in Lead III, 
though the latter may be absent. As tbe figure shows, these deflections are inscribed by the 
activation of the iaterventricular septum and the late activation of the right ventricle. 


resultant points backward and to tbe right. 
However, at times the shape of the heart is 
such that the angle is 180* and the resultant 
therefore points to the right and forward. At 
other times the shape of the heart is such 
that the angle between the vector for the wave 
on the lateral wall of the left ventricle and 
that for the wave in the septum is such that 
the resultant points more forward than to 
the right (Fig. 70). 

At 0.05 to 0.06 second the wave of cxdta- 
tioQ has penetrated most of the septum and 


reaches the Purkinje network near (be apex 
of tbe right ventricle. From this time on the 
electrical effects result from activation of the 
latter structure. At 0.08 second (here is 
probably no residual activation in the sepfum, 
as shown in the figure, unless hypertrophy or 
stow conduction is present in the septum. 
Therefore, ordinarily one would expect the 
vector shown in Fig. 69, OJ)8 second to be 
shorter than that shown in figure if there 
is no ventricular hypertrophy. At 0.085 second 
the wave that occurs normally at 0.025 second 
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Fio. 70. An alternate form of the QRS loop In right bundle branch block. The difference 
between the loop developed here and that developed in Fig. 69 is produced by assuming a 
different shape for the (eft ventricle. 


is present M the right ventricle and this pro* 
duces a vector as shown in Fig, 69, Q.085 
second. The length of this vector will also 
depend upon the thickness of the right ven* 
tricle. 

After 0 085 second the vector rapidly dim- 
inishes and swings backward in direction. By 
0.10 second there is little acliyalion remain- 
ing except in the conus. This may proceed for 
another two hundredths of a second or more 
but its vector probably points so much for- 
ward as to register littie on frontal plane leads. 
Thus the writer believes that complete right 
bundle branch block may occur though the 
total QRS duration in the standard limb leads 
is little more than 0.10 second (Fig, 71F). 

The spatial QRS loop (as depicted in the 
figures) may have alternate forms resulting 
from the anatomic variations mentioned 
above. Other variations, resulting from right 
and left ventricular hypertrophy and infarc- 
tion, will be discussed under those heads. 


Variations in the limb leads (standard or 
unipolar) occur as a result of the variations 
of the positions and rotations of the heart 
described in dealing with the normal QRS 
loop. If the apex is back and the anatomic 
axis is rotated clockwise the loop of Fig. 69 
attains the orientation shown in Fig. 72. 
Under these circumstances the limb leads will 
be like those of left bundle branch block. 
However, the precordial leads, as we shall see, 
will be quite dissimilar. In each such case in 
the writer’s experience the heart has been 
enlarged. It is also important to note that 
comparison of tracings of the same patient 
before and after the development of right 
bundle branch block may show lack of cor- 
relation of rotation about the anatomic axis. 
This may result from difference of cardiac 
position or from the fact that when the left 
ventricle contracts before the right it changes 
the orientation of the right ventricle during 
depolaruation. 


Fia 7J. Right bundle fcrancb delay. Nole correspondence of precordial leads 
to those of Fig. 77. B, Right bundle branch block. Note that QR5 duration is cot 
over 0.105 second. C. Right bundle branch delay. 





A.- 



Fro. 72. The spatial l<iop ot Fig 70 rotated 
clockwise about a transverse anatomic axij, H. 
Note similarity of limb leads to those of left 
bundle branch block. The prccordial leads 
would make the disltnctiOD ia such a case. 



Fio. 73. Precordial leads in right bundle branch block. 


The same solid angle method analysts h employed «s was shosvn m Ftg. 23 for the normal 
precordial leads. The waves of exeitatwa shown in Fig. 69 at 0 02 second, 0 035 second. 
0 055-0.06 second and 0 0S5 second are employed as a sequence of ectivalhn. 

The top row of diagrams depicts the development of potentials in Lead Vi, the middle row 
depicts the development of the potentials in Lead Vj, and the bottom row depicts the develop- 
ment of the potentials in Lead Vi. 

If is noted that it is the late dsYelcpmeat of the waves of excitation in the right ventricle and 
the late left-to-right excitation of the intervcntricubr septum that accounts for the wide R' in Vi 
and the wide 5 in Vi which are typical of right bundle branch block. 
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Fkj. 74. The T W'ave ia ngbl bundle branch block, o, Early stage of rcpobrira- 
tioiL Of the three vecton forming » parallelogram the smallest represents the early 
septal effects, the next longest represents the early apical effects, and the diagonal is 
the resultant of the M^'o. 

b, Repolarization at the peak of the T wave. The right side of the septum 
repolarizes more rapidly than the left and its effects now equal or almost equal 
those of the left side which began early. Actually septal effects possibly are directed 
to«'ard the left at this time. Most of the cffecu. however, are due to the epical 
effects as shown. 

c. Final repolarization effecu aitribuuble to the base of the free wall of the 
left ventricle. 

The QRS loop and T wave effects >d the diagram indicate that the mean T vector 
in right bundle branch block is probably a bit to the left of the normal T Was'c 
vector. The gradient approach holds. 


Precordial Leads 

The precordial leads in right bundle branch 
block are developed in Fig. 73. At 0.005 
second the deflections developed by a solid 
angle analysis are like those seen in the 
normal. At 0.015 second (not shown in the 
figure) deflections in Vj, V 3 , and V 5 are de- 
veloped that are appropriate to the ugn and 
the approximate size of the solid angle sub- 
tended at the electrode. At this stage very 
incomplete activation of the left side of the 
septum makes it necessary to make the de- 
flection much smaller than would be expected 
if this activation were confluent. As a result 
in the early stages the deflections do not differ 
much from the normal. 

At 0.020 second the activation in the sep- 
tum has spread but is not as completely con- 


fluent as in the apex of the left ventricle. 
The solid angle subtended at the electrode in 
the Vi-position by the wave in the apex of 
the left ventricle is negative, while that in the 
septum is positive. Even considering the fact 
that the septal activation is not )et confluent 
it probably overbalances the effect of the wave 
in the apex of the left ventricle so that the 
potential at Vj b probably positive though 
not very great. However, a slight change in 
the position of the heart may alter these 
relationships and make the potential at Vj 
negative at this stage. At the same time (0.02 
second) the solid angles subtended at Vj 
are both smaller but the positive angle to the 
septum is distinctly larger and a higher posi- 
tive potential at Vj may be expected. At 
at ffie same time the positive solid angle to 
the wave in the apex of the left ventricle 
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Fig 75. Risbt bundle branch delay (0 03 second). Delay of conduction in the right bundle 
branch by 0 03 second is assumed causing the waves of excitation that normally occur m the 
right ventricle to appear after a delay of that interval 
The first two stages and even the third do not differ from those of complete right bundle 
branch block However, at 0 05 second and 0055 second the late effects from the right 
ventricle oppose the effects in the left ventricle which are normally unopposed This tends to 
make the loop shorter than the normal loop Again in the later stages (0 055-0 070 second) it 
js noted that simultaneous waves of excitation of nearly the same siae occurring in the bases 
of the two ventricles tend to give a resultant that points backward This causes the loop to 
be more rounded than the normal. Jl is to be noted that unless the late conus effects are 
reflected m a lead in an important manner there is less increase in the duration of the QRS 
than one might expect. 

The effect on the limb leads is the appearance of an S in Lead I which is not so wide as in 
complete right bundle branch block and often but not always an R' appears in Lead III. 

which IS completely confluent is much larger electrode. However, in those hearts in which 

than the solid angle to the more incomplete the left ventricle is a bit larger or in which 

wave m the septum and the potential here is the rotation of the heart Is such that the left 

represented as correspondingly higher than ventricle exerts a greater effect on (he e(ec- 

at Vg. trode than does the septum the potential will 

At 0 035 second the solid angles to both be negative as represented by the dotted 

the septal and left ventricular waves arc about trace. At Vg at the same time the positive 

equal at Vi and the potential is zero at this solid angle to the septal wave is smaller than 
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Fio. 76. Right bundle branch delay (0.02 second). The delay of 0 02 second in right venlrle* 
ular activation produces a loop that h shorter and rounder than the normal and yet may pro- 
duce just as great effects upon the limb leads as the normal sequence of activation because the 
vectors at 0 035 second are more nearly parallel to the frontal plane. There may be a notch in 
the R in Lead I. No S appears m Lead I and no R' ts seen in Lead III. 


the negative solid angle to the wave in the 
free wall of the left ventricle and the potential 
at this time is represented as falling to a nega- 
tive value. However, if the position of the 
heart is changed even slightly (he solid angles 
will change so that (he potential at V, is more 
negative, zero, or even positive. The reader 
may consider that if the apex of the heart is 
pushed back the relation of the electrode Vj 
approaches that represented in the figure for 
Vj. At V 3 , at the same time, the solid angles 
to the wave in the septum and the wave in 
the left ventricle are again almost equal and 
the potential falls to zero. However, again 


even slight enlargement of the left ventricle 
or slight changes in the position of the heart 
will cause the potential at this time to change 
even in sign at this electrode. 

At 0.055 second the wave of excitation is 
much larger in the septum than in the' free 
wail of the left ventricle so that the potential 
at Vi is definitely positive. At the same time 
at V, the position of the electrode is such 
that the positive solid angle to the septal wave 
Is only a little larger than the negative solid 
angle to the remaining wave in (he free wall 
of the left ventricle. Therefore the potential 
at Vg is only slightly positive. At the same 
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043 050 . 033 

PiO 77. Precordial leads In right bundle branch delay (0 03 second). 

The solid angle analyiis is the same as for complete right bundle branch bloel; for the first 
0 035 second A 0 045-second stage is interpolated which does not appear m Ftg 75. 

Iti the diagram (or 0 045 second there are three waves ot excitation. With respect to Vi the 
wave in (he middle of the septum is positive and (he other two are negative. The positive solid 
angle to the midsepial wave is greater than the negative solid angle to the wave in the free 
wall of the left ventricle. At first glance it might appear that the wave in the right septal surface 
would more than nuiiify the net positive effects of the other two waves However, it is necessary 
to remember that this wave is extremely patchy at this lime and that the balance of effects is 
probably close to zero. 

Vi shows a deep notching of the R wave and ends in an S wave due to late effects from the 
left ventricle after 0 06 second (not shown). ThH S can be deeper than drawn in many cases. 

The notch in V> is also notable. The S in V> b also characteristic. 


time the potential at V, is quite negative for 
the position of the electrode is such that it 
faces the negative side of both waves. 

The remainder of (he figure {0.085 second) 
IS self-explanatory. 

T Wave 

The T wave in right bundle branch block 
uncomplicated by disease differs but little 
from the normal T wave in the limb leads. 
Since the free wall of the left ventricle 
is the only structure activated at the nortnal 


titne and in the normal manner in right 
bundle branch block the small influence upon 
the T wave which results from right bundle 
branch block suggest fnat it is the free wall 
of the left ventricle that accounts largely for 
the normal T wave. The only structure of 
any volume that is activated in a different 
manner from the normal in right bundle 
branch faiock is the interventricular septum. 
If the rates of rcpolanzation of the two sur* 
faces were equal one would expect right 
bundle branch block to cause a marked in* 
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Era. 78. Precordial leads in right bundle branch delay (0.02 second). The complex in Vi 
begins little dIfTerent from the normal. However, the late appearance of and rapid disappear- 
ance of tbe right ventricular effects causes a notch in the S of Vi. 


crease in the height of the T waves in Lead 
1. Since this does not occur it may be plausible 
to speculate that the rate of repolarization is 
more rapid in the right layers of the septum 
than the left for only thus can the serjuencc 
of septal activation which occurs in right 
bundle branch block fail to produce a pro- 
nounced change in the T wave over the 
normal. Following this speculation the T 
wave in right bundle branch block is con- 
structed as in Fig. 74. Here repolarization in 
the septum is represented as producing a 
smaller vector pointing to the right than 
occurs during the normal sequence of repolar- 
ization.* This combines with the usual effects 
from the free wall of the left ventricle to 
produce T wave vectors which point a little 
* Actually, in the earliest stages the electrical 
effects of septal repolanzation may produce a 
small vector pointing to the left, because the left 
Side of the septum is depolarized so much earber 
than the right side. 


further to the left than do the normal T 
wave vectors. 

Entirely aside from the theoretical specula- 
tion described above it is a matter of actual 
observation that when right bundle branch 
block supervenes without other change in 
the heart (as when it appears and disappears 
in the same tracing) the T wave follows the 
principle of the gradient in all leads includ- 
ing the precordial; the gradient docs not 
change in magnitude or direction in a sig- 
nificant manner. 

Incomplele Righi Bundle Branch Block 

Figures 75 and 76 represent application 
of the same postulates employed throughout 
this presentation to the problem of lesser 
delays in the right bundle branch. Figures 77 
and 78 represent the corresponding precordial 
leads which occur under these conditions. 

It is important to point out that with the 
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Fiq. 79. Right bundle branch block and left ventricular hypertrophy, The prolongation of 
left ventricular elTecia as a result of hypertrophy lends to oppose some of (he effects of the 
delay of fight ventncuitr exc'itaiioa. However, the magnitude ol the S in J and the R* In Vi arc 
usually more reduced than their duration. In addition the height of R in I is greater than In 
right bundle branch block without left ventricular hypertrophy. Less often the S in 111 is deeper. 


shortest delay (0.015 second) represented 
(Figs. 76 and 78) there occurs a notching of 
the upstroke of (he S in and at times a 
corresponding notching of the dosvn-stroke or 
peak of R| instead of an S in Lead I. In 
Lead III a notch laay ^pear in the upstroke 
of S (Fig. 76). 

In the next greater degree (0.03 second) 
of right branch block depicted (Figs. 75 and 
77) the complexes assume the appearance 
shown in the figures. 

In all cases the time of appearance of the 
effect of activation of the right ventricle de- 
termines whether there is a notch in the 
upstroke of S in V| or an R'. The same 
applies to the appearance of a notch in R| 
and the appearance of an S in Lead I. 

The T wave in incomplete right bundle 
branch block follows the gradient principle. 


Highi Bundle Branch Block and Left 
Ventricular Hypertrophy 
When left ventricular hypertrophy coexists 
wdlh right bundle branch block depolarization 
of the ventricles is hypothetically as depicted 
m Figs. 79 and SO. The notabfe features are 
the probable longer persistence of depolar- 
ization effects in (he lateral wall of the left 
ventricle which more than counterbalance 
effects occurring in the septum. At a corres- 
ponding time (0.05-0 06 second) in the nor- 
mal heart the septal effects predominate and 
at a later lime (0 07-0.08 second) the left 
ventricular effects which are still prominent 
in the hypertrophied heart have disappeared 
in the normal heart. It may be argued that in 
left ventricular hypertrophy the septum is 
much thickened and this is so. However, it is 
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Fia. 80. Tbe precordial leads ia right bundle branch block and left ventricular hypertrophy. 

Compare with Fig. 73. Note depth of S and height of R' ia Vi and the height of R in V«, 

flat as large as the free wall of the left veittricle small wave in the right ventricle (insofar as 

and even if a wave of excitation were still the limb leads are concerned). and Vj, 
present in the upper septum in Fig. 80 at however, would be more affected as R' would 

0.08 seconds the large left wave still present be made larger and wider than as depicted 

in the free wall of the left ventricle would in Fig. 77. Such tracings do occur. 
still ‘saore thsa caaatecbaluKX it aad tiic 
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10. Left Bundle Branch Block 


Figure 81 depicts the application to left bun- 
dle branch block of the method employed In 
the analysts of right bundle branch block. The 
earliest activation is at the apex of the right 
ventricle and the apex of the right side of the 
septum producing a small vector pointing in 
the same direction as that shown in the figure 
for 0.015 second but shorter. At O.OIS second 
(Fig. 81) the wave of excitation is such as 
to produce a vector that points toward the 
apex of the left ventricle as represented. At 
0.020 second the wave in the right ventricle 
is not quite as effective as the larger though 
less complete wave in the septum and the 
vector again points a bit to the left and for- 
ward. Again the resultant of the two elements 
of the wave is determined by vecforral addi- 
tion. At 0.025 second the wave in the right 
ventricle almost directly opposes that in the 
septum but is much smaller and the net effect 
is directly toward the left m direction and 
about as depicted in magnitude. When activa- 
tion of the right ventricle is complete a wave 
of excitation remains in the septum as de- 
picted at 0.05 second and its vector is repre- 
sented as perpendicular to the surface of the 
septum and larger than at 0.025 second be- 
cause it IS no longer opposed by a wave in 
the right ventricle. This wave remains of 
almost constant size for several hundredths of 
a second. At about 0 06 second it breaks 
through into the endocardial surface of the left 
ventricle and the vector shortens abrupt)/. 
Activation of the left ventricle then begins. At 
0 08 second the activation of the apex of the 
left ventricle produces a vector as shown and 
at 0.10 second the wave of excitation normal 
at 0.04 second is seen. The final stage occurs 
as in the normal and the loop represented in 
the figure is completed as for the normal. 


The apex of the left ventricle in complete 
left bundle branch block Is activated both from 
the endocardial surface and from the right 
side (its junction with the septum). It thus 
becomes activated more rapidly than in the 
normal once the impulse reaches the Purkinje 
fibers of the left side. Therefore, no left ven- 
tricular wave comparable to the left-sided 
wave for 0.025 second of the normal occurs. 

The deflections on the limb leads as de- 
veloped in the figure are characteristic of left 
bundle branch block. If we move the apex a bit 
forward the first portion of the loop crosses 
the zero point of Lead III and an Rni appears. 
Left axis deviation is not always present in 
left bundle branch block. If we rotate the 
heart of Pig. 81 in a clockwise manner as we 
did with (he normal loop the left axis devia- 
tion can be made to disappear, and a wide 
and usually heavily slurred R will appear 
in all three leads. Actually such a tracing as 
shown in Fig. 81 may occur in right bundle 
branch block. As Wilson pointed ouJ the pre- 
cordial leads must make the distinction be- 
tween the two. 

Figure 82 shows the potentials that develop 
af buvrcfi'ir biviTioV lsi\fok. 

The first activation (not shown) occurring at 
the junction of the right ventricular wall to 
the right side of the apical end of the septum, 
produced negativity at Vj. At 0.02 second 
the potential at V, is even more negative 
because of the broader area of activation of 
the right side of the septum The positive 
solid angle to the wave in the right ventricular 
wall IS not sufficient to overcome this. At the 
same time V 3 , which may have been slightly 
positive under the influence of the earliest 
stage of activation described above, is even 
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Fra. 81. Left bundle branch block. 

Tbe waves of excitation that normally occur in the left ventricle are delayed by 0.06 second, 
the time assumed to be necessary for penetration of the septum. 

In the early stajes (0 015-0.025 second) the vector results from the combination of effects 
from the septum and the free wall of the right ventricle. From 0 03 to 0.06 second there ts a 
moderately Urge wave of excitation of constant dimensions in tbe interventricular septum. 
When this reaches the left ventricle (probably first In the apical region if tbe septum is not 
badly diseased) excitation of the left ventricle begins and tbe waves of excitation that normally 
occur will appear, though they are 0.06 second late. 

Frequently the septal vector shown in the diagram for 0.05 second is as large as any that 
occur and the curly portion of the loop (which simply indicates that the tip of the vector 
spends considerable period of lime in the same location) Is at the tip of the loop. The temporary 
shortening of the vector at the time that the break through into the left ventricle is reached is 
common though not always present. The forward swing shortly afterward is also not constant. 

The two prominent features are: (I) The loop begins toward the left so that there is usually 
no Q in I. (2) There is a period in which the direction and magnitude of the vector changes 
but little (0.03-0.06 second) so that R in Lead I commonly shows a wide slur or plateau at its 
apex and S in Lead 111 may show the same. (3) The QRS is prolonged. 


more negative. Vj, on the other hand, U 
positive at this time because it faces the posi- 
tive side of the wave in the septum and be- 
cau« its solid angle to this wave is larger 
than the negative solid angle to the wave in 
the right ventricle. The remaining diagrams 
of tbe precordial leads in left bundle branch 
block are self-explanatory. 

In left bundle branch block the slightest 


movement of the electrode over the left chest 
(Vs or Vs )is apt to cause a great change 
in the appearance of the complexes. This 
makes these leads almost useless for Interpre- 
tation of serial changes. 

A comparison of Fig. 82 with the cor- 
responding Fig. 73 for right bundle branch 
block makes it clear that there is seldom any 
difficult in distinguishing the ventricle that 
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P(0. S2. Ttie pKcordial leada In left bundle branch bloet;. The soHd angle method of 
derivation Is employed. The notable features are the very small R or absence of R> and the wide 
often notched S jo Vi and the wide, usually notched R in V«. 

Approximately the flnt half of the S in V> u inscribed largely by the interventricular septum, 
the latter half by the free wall of the left ventricle. The same statement applies to the R in Vo. 

In the apex'baek heart, especially if It is enlarged, there b a narrower R and a large wide S 
in Vi and Vi. Both types of complexes can frequently be recorded at the same sitting from the 
same patieot by moving the electrode or having the patient take a deep breath. 


is activated first. The distinguishing character- 
istics are seen in leads made over Ihe right 
ventricle. The absence of R in Vj in left 
bundle branch block and the usual presence of 
a broad R' in right bundle branch block 
makes disIiacCion between the two rather 
sharp regardless of the appearance of the 
limb leads. 

Right bundle branch block on occasions has 
the appearance of left bundle branch block 
in the limb leads. Figure 72 represents such 
a case. 

Some variations which occur in left bundle 
branch block probably result from variations 
in the manner in which the impulse traverses 
the interventricular septum. If the impulse 


reaches the left ventricle near the apex the 
activation of that structure will be somewhat 
different than if the impulse first reaches a 
basal area. 

Incomplele Left Bundle Branch Block 
Figure 83 depicts the activation of the 
ventncles with 0.020-second delay in the left 
bundle branch. In each diagram the wave of 
excitation in the left ventricle is that which 
normally occurs 0.02 second sooner. The 
diagram of the events, at 0.025 second in 
Fig. 83 should show beginning activation in 
the left ventricle such as is shown for the 
normal at O.OOS second. This is omitted 
from the diagram because it would be difii- 
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Fio. 83. IncompI«te left bundle branch block. A 0.02 second delay of activation of the 
feft vemricle it shown. 

The loop begins exactly as does (he loop of complete left bundle branch block, but at 0.04 
second the activation of the left ventricle and of the left side of the septum has proceeded to 
the stage normally reached in 0 02 second The wave in the septum that originated on the right 
side is much more complete than that which originated later on the left side. Therefore the 
net septal effect at this stage is directed toward the left. The apical wave produces a vector 
which points forward and toward the left. The net result of all effects, therefore is a vector 
which points forward and toward the left (probably a bit more forward than shown in the 
figure). 

At 0.045 second the vector obviously must point toward the left and more forward than any 
large vector in either the normal or the complete bundle branch block loop. As a result R in 1 
(at times S in III) is apt to be larger than in the normal or in complete left bundle branch 
block. The absence of Q in Lead 1 and at tunes of R in Lead 111 may occur as in complete 
left bundle branch block. The QR5 duration is increased. The total here is 0.10 second. 


cult to incorporate in the drawing. Its eBect is 
simply to shorten the vector at this stage. At 
0.04 second activation has begun in the left 
ventricle and reaches the stage occurring nor- 
mally at 0.02 second (see Fig. 15, p. 18). 
The greatest electrical effect derives from the 
wave of excitation in the apex of the left 
ventricle. Additional effect results from the 
balance between the septal waves. Since the 
wave of excitation in the septum moving to 
the left as a result of right ventricular activa- 


tion is more complete than that associated 
with the later left ventricular activation the 
net effect of septal activation at this stage is 
a small vector pointing to the left. Applica- 
tion of the parallelogram of forces to the 
vectors representing the apical and net septal 
effects produces the resultant vector shown 
in the drawing. 

At 0.045 second the wave of excitation in 
Ac left ventrle/e is that which occurs in the 
normal at 0.02S second except that the septum 
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Fa. 84. Preeofdial lead) In incomplete (eft tmndle branch block. The same disappearance 
or small magnidide ol R in Vi and Q in V< and V* (not shown) is seen as in complete left 
bundle branch block. 


is now completely depolarized. The resultant 
vector is large and is nearly parallel to the 
frontal plane as was the preceding vector. 
Since this is a larger wave of excitation than 
any which occurs normally, and its direction 
is nearly parallel to the frontal plane it pro- 
duces a larger deflection in Lead I and In 
the left precordial leads than is seen without 
the delayed conduction. 

At 0.06 second and later the situation u 
similar to that which occurs normally. 

With the heart in the position and rotation 
shown the notable features in the limb leads 
resulting from 0.02 seconds delay in con- 
duction in the left bundle are widening of 
the QRS complex and disappearance of the 
Q in Lead 1. There may be loss of the R in 
Lead III. If the heart were a bit more vertical 
or the apex a bit more forward (he first 
portion (or first vectors) of the loop would 
inscribe an Rin- The vpstroke of R, is apt 
to be slurred or notched. At times there is 


notching or slurring of the peak of Rj. Fre* 
qucnily Ri is higher than before the inception 
of the conduction defect, while Sm is not 
affected in magnitude. If complete bundle 
branch block supervenes the magnitude of 
Ri becomes smaller again. A compansoti of 
Figs. 81 and 83 shows that this finding should 
not be surprising. The 0.045'Second vector 
of Fig. 83 is larger than any vector that 
occurs normally or in complete left bundle 
branch block. 

In the precordial leads the same loss of R 
in V, and possibly of the R m Vj and Vs 
occuis that was noted in complete left bundle 
branch block. As indicated above, other con- 
ditions being equal, R in V^, Vg, and Vg is 
apt to be larger than in the normal or com- 
plete left bundle branch block (Fig. 64). 

Most left bundle branch block occurs in 
hearts with left ventricular hypertrophy. Since 
the duration of the QRS complex may reach 
0.12 second in the absence of left bundle 



BRANCH BLOCK 


109 



F/o. 85. The T wave in lefi bundle branch 
block, a. b and c of ^ show three stages of the 
repolarization of the septum and left ventricle. 
The right ventricle u assumed to have no de- 
tectable effect. 

The earlier repolarization of the right side of 
the septum follows from the assumption that 
this is the first area to be depolarued. Since the 
right side of the septum is assumed to be 
repolartzed more rapidly than the left it is 
assumed to produce a rather Urge electrical 
effect directed toward the right soon afier re- 
polarization has begun (b). At the same time 
the usual large apical effects occur and the 
resultant is as shown by the diagonal of the 
parallelogram The final effects (c) are due to 
repolarization of the base and the free wail of 
the left ventricle. 

The three vectors developed in diagrams a, b. 
and c of ^ are shown as spatial vectors a, b, 
and c in B. A T wave loop may be drawn about 
them. The corresponding complexes are derived 
from QRS loop and the T wave vectors drawn. 

I j1/- 



branch block some difficulty is encountered 
in distinguishing the effects of hypertrophy 
and of bundle branch block. Following the 
hypothetical principles employed here the dis- 
tinguishing features of hypertrophy are the 
presence of a distinct Q in Lead I when the 
tracing is of the usual form shown in the 
basic drawing (Fig, 65), and the presence of 
a distinct R wave in and V 2 (Fig. 66). 

Unfortunately in massive transmural septal 
infarction a Q wave in Lead I may occur in 
the presence of left bundle branch block. 
Furthermore, septal infarction which involves 
mostly the left side of the septum may cause 
a loss of the Q in Lead I as well as the R in 
Vt. Vj, and V 3 in the absence of left bundle 
branch block. The QRS may be widened by 
left ventricular hypertrophy and thus left 
bundle branch block will be simulated. There- 
fore it is frequently impossible to distinguish 
left bundle branch delay, left ventricular 
hypertrophy, and seplal infarction. 

The T iVave in Left Bundle Branch Block 

If we accept for the moment the assumption 
that the right ventricle contributes little to 
the T wave under ordinary conditions it 
must also be assumed that it also may be 
neglected in considering the T wave in left 
bundle branch block. The interventricular 
septum, which was assumed to contribute to 
the T wave to a less ejrfent than the free wall 
of the left ventricle, in the normal, must play 
a different role in left bundle branch block. 
When the sequence of activation is from right 
to left instead of from both sides simultane- 
ously it is reasonable to suppose that the 
right side of the septum will begin repolariz- 
ing before the left. As a matter of fact re- 
polarization has already begun here and to 
a measurable extent before the QRS complex 
is completed. As a result, there are RS-T 
segment deviations in left bundle branch 
block. It will be recalled, also, that it was 
assumed that the right side of the septum 
repolarized a bit more rapidly than the left. 
As a result the septal effects must be repre- 
sented by a fairly large vector pointing to the 
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right. Repolarization of the free wall of the 
left ventricle begins in the usual order but 
at a later time than repolarization of the 
septum because it is depolarized at a later 
time. However, a superimposition of effects 
quickly occurs. Thus, repolarization in left 
bundle branch block is represented as in 
Fig. 85/1. The vector a represents the early 
septal effects, b represents the combined later 
septal effects and free wall effects, and c 
represents the final free wall effects. 

Seen in three dimensions the T loop is con- 
structed as in Fig. 85B. Vector a actually 
occurs before the QRS is completed so that 
an RS-T shift occurs. The QRS loop con- 
tinues into the T loop without returning to 
the zero point. 

Variations in QRS and T in left bundle 
branch block tracings are due to variation in 
position and rotation and to the presence of 
disease. So commonly is left bundle branch 
block associated with left ventricular hyper- 
trophy, ischemia, and infarction that it is 
difficult to find a case free of one of these. 
Rarely left bundle branch block occurs in a 
heart with no other evidence of disease. Right 
bundle branch block occurs much more fre- 
quently under these conditions. 

Of coune, insofar as the QRS-T relation- 
ship for the whole heart are concerned the 
gradient principle holds. If a patient develops 
left bundle branch block without other changes 
the gradient remains the same as it was before. 


The net T wave reduction shown in Lead I 
in Fig, 86 (9-25-50) may ,be regarded as 
secondary to the increase in area of the QRS 
due to left bundle branch block. T must be- 
come smaller if AQRS+AT (the gradient) is 
to remain constant. This relationship tends 
to hold true m all leads including the pre- 
cordial. 

If left bundle branch block is incomplete 
the septal effects shown In Fig. 85/4 are 
present but are less, corresponding to the de- 
gree of block, and the T will be less markedly 
affected. Again in any lead the magnitude 
of the change in the T wave (in terms of area) 
will be proportionate to the magnitude of 
the increase in QRS area. 

As shown in Fig. 86, the degree of bundle 
branch block frequently varies in the same 
individual from time to time and at times 
in the same tracing. In either case a relation- 
ship between the block and heart rate is fre- 
quently seen. Often it is apparent that con- 
duction in the affected bundle branch depends 
upon the time permitted lor recovery. VVhen 
the rate Is rapid less lime is permitted for 
recovery and block occurs. \Vhen the rate is 
slow the bundle branch has ample time for 
recovery and it may conduct normally. This 
accounts for the QRS aberrations that are so 
common in auricular tachycardia, auricular 
fibrillation with rapid ventricular rate, and 
other tachycardias. 


11. Coronary Disease 


It is in the diagnosis of coronary disease 
that the electrocardiogram, properly used, 
has its greatest usefulness It is equally true 
that it is in its application to this problem 
that, improperly used, it has done the great' 
est harm. It is safe to say that most of the 
errors result from the employment of cm* 
pirical criteria and that most of these errors 
might he eliminated by the employment of a 
physiologic approach to the electrocardiogram, 
at least to the extent to which this is possible. 
Only then is it possible to know the full 
capacity as well as the limitations of the 
method. It is for this reason that the writer 
has developed the formation of the QRS 
complex, the T wave, and the QRS~T rela' 
tionsbip on the physiologic basis presented 
in the early chapters. On no other basts is it 
possible to acquaint the reader with the wide 
range of normal Unduigs in dilTerent indi- 
viduals and in the same individual under 
different circumstances. It is frequently im- 
possible to distinguish the normal from the 
abnormal with the methods presently at our 
disposal but it is far better to know this than 
to believe that we know that which we do not 
know. 

For purposes of discussion coronary disease 
will be divided here into two main categories: 
coronary insufficiency and myocardial infarc- 
tion. 

Coronary Insufficiency 

Under this heading are included all cases 
of paroxysmal coronary insufficiency pre- 
sumably due to vascular spasm or claudica- 
tion (angina pectoris) and all other cases of 
ischemic heart disease whether acute or 
chronic excepting myocardial infarction. The 
term angina pectoris or anginal attack will 


refer to a paroxysmal attack of coronary in- 
suffidency regardless of whether it occurs in 
a patient who has had recurrent attacks for 
years or in the first attack. Attempts to divide 
these cases in any other manner leads to con- 
fusion. Pain usually accompanies the par- 
oxysmal attack, but may not. Chronic 
coronary insufficiency with resulting chronic 
myocardial ischemia occurs frequently, and 
often paroxysmal attacks also occur in the 
same patient. 

The patient with angina pectoris most fre- 
quently shows a normal electrocardiogram 
between attacks. The electrocardiogram made 
during the attack will usually (but not always) 
show definite changes. These changes are due 
to the effects of "injury”. Figs. 48, p. 70 
and 52, p. 74), Curiously enough, In most 
cases of angina pectoris the precordial leads 
show depression of the RS-T segments as if 
the injury were largely endocardial. Usually 
within a few minutes after the attack has sub- 
sided the injury effects disappear without 
leaving ischemic effects in the electrocardio- 
gram. This circumstance makes the diagnosis 
extremely difficult. In some cases the electro- 
cardiogram shows no RS-T shift during the 
attack but only ischemic T wave changes. 

In other cases, or at other times in the 
same case, especially if an attack has lasted 
a long time or if attacks have occurred fre- 
quently, ischemic changes may be left which 
are evidenced in electrocardiograms made be- 
tween attacks. However, the mere presence, 
between attacks, of an abnormal electrocardio- 
gram in a patient who is having paroxysmal 
pain does not necessarily prove that the pain 
u of cardiac origin. Many persons have ab- 
normal electrocardiograms due to left ventri- 
cular hypertrophy, myocardial fibrosis, or old 






Fio. 88. Serial tracings before, during, and after an attack of angina. The patient gave a 
bhtory of pain only upon lying down after a meal. 

a was made immediately upon lying down after lunch b was made within one minute (pain 
bad just begun) after er. c was made after another minute when pain was severe. Nitro- 
glycerine was given at this lime, d was made three minutes later, e was made five minutes later; 
pain was gone. / and g were made at five-minute intervals. 


myocardial infarction and have pains due to 
some other cause. An evolution of changes 
in serial tracings can be helpful in diagnosis 
only when analyzed properly. 

ELECTROCARDIOGRAPHIC DUONOSIS OF COR- 
ONARY INSUFFICIENCY WHEN REPEATED IN- 
TERVAL TRACINGS ARE NORMAL. If the electro- 
cardiogram of the patient suspected of having 
angina is normal between attacks and the 
attacks are occurring frequently it is wise to 
await the next spontaneous attack in order to 
obtain tracings during a seizure, (Fig. S7). If 
the attacks are of short duration this may re- 
quire hospitalization as it may rot be possible 
otherwise for the apparatus to be used before 
the pain has subsided. When the attaclts are 
infrequent and of short duration attempts 


are made to induce attacks for the purpose 
of obtaining diagnostic evidence. The first 
method employed, if feasible, is reproduction 
in the office of the circumstances under which 
the spontaneous attacks occur. The tracings 
of Fig. 88 were made after inducing an attack 
by having the patient lie down immediately 
following a meal, for such was the history 
of her spontaneous attacks. This is a classical 
an^nal fracing showing fleeting RS-T shifts. 
It Is interesting to note that the electrocardio- 
graphic changes persisted lor a few minutes 
after the pain had disappeared, Indicating 
that it may not be futile to make a tracing 
even if one arrives shortly after the attack 
has subsided. 

When the pains are too infrequent to make 
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Pio. t9. Serial exercise tracings in ansma; delayed effects. The exercbe traein; shows only 
an RS>T depression in V« whKh is not conclusive. Five minutes later elevation of RS-T in Leads 
n and ni occurs which is diagnostic since they are in the same direction as the QRS com* 
plexea in those leads. The depression of RS~T in Vt is also tmportanL Ten minutes later the 
change has not entirely disappeared. 

Only a slight pain occurred 5 mmutea after the exercise. Seven years later this patient had a 
large anterolateral myocardial infarctiot). 


it practical to wait for a spontaneous attack 
or if ati attack cannot be induced by repro- 
ducing the precipitating circumstances de- 
scribed in the history the exercise test is 
employed. Tracings are made before and after 
15-20 deep knee bends done as rapidly as 
possible. The patient is warned to stop if 
pain occurs at any rime during the exercise. 
Observations are made immediately after the 
exercise and at 5-minute intervals for lO 
minutes or more. Such exercise has frequently 
served to induce attacks which are proven 
clectrocardiographically to be due to cor- 
onary disease (Rg. B9). At times the changes 
occur in the later tracings and are absent or 
not very pronounced in the immediate and 
5-minute tracing. The exercise test has even 
more frequently failed to induce attacks or 
significant electrocardiographic changes in 


persons who are soon proven (o have coronary 
disease by observations made during a subse- 
quent attack. Furthermore, very frequently 
changes occur in the electrocardiogram fol- 
lowing exercise that are mistaken for changes 
due to coronary disease. 

Normal Versus Pathologic RS-T Shifts. 
It is necessary at this point to call attention to 
the fact that with sufficient diminution of the 
gradient an RS— T shift frequently develops 
(Fig. 31a, p. 46). Such RS-T shifts are very 
common with diminution of the gradient due 
to rapid heart rate or exercise. They tend, in 
any lead, to be opposite in direction and 
proportionate in magnitude to the main deflec- 
tion of the QRS complex in that lead. It 
seems, however, that occasionally, especially 
in chest leads very close to the right side of 
the heart, nonpathologic shifts may at times 




FiQ. 90 A. Electrocardiograms after exercise The subject was a healthy male 29 
years of age. On 9~3-49 a resting tracing was made. On 9-6-49 an exercise test 
was made. The exercise tracing on that date shows a marked lowering of Tr. and 
increase m Tin and definite downward RS-T shifts in V,, V., Vi, and The 
change in the T waves in the Vtmb fcads are due to marked diminution of the 
magnitude of the gradient and change to a more vertical position of the heart 
(Riii larger and Sm smaller). The RS-T shifts occur in those leads stiih the 
largest QRS complexes and are opposite in direction to the main deflection of the 
QRS complexes of those leads. They are of no pathologic signihcance. 

The difference between the resting tracings of 9~3-49 and that of 9-6-49 is 
accounted for by the fact that the former was made 4 hours after the last meal 
and that P-6-49 was made forty-five minutes after a meal. Note that due to 
diminution of the gradient and a more vertical position of the heart the T axis has 
changed so that Tm, previously inverted, bas become upright in the resting tracing 
of 9-6-49 (see Fig. 40). 



shifts are not opposite ia direction to the main deflection of the QRS complexes. 
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Fic. 91. Here the exercise tracing (right) shows changes due to a reduction of the gradient 
and a more vertical position of the heart due to dyspnea. Diagram a with T as the T vector 
represents tracing immediately above Diagram b with F as the T vector represents the tracing 
on the right Note fuK correspondence of QRS complexes and T wares 

Had the tracing on the right been made first (as well may have occurred) tracing on the 
left, made subsequently, might be interpreted as showing evidence of posterior infarction. 


be seen which are in the same direction as 
the main deflection of the QRS complex. 
This is especially noted after digitalis but 
may occur with increased rate. 

f?S-r Shifts Following Exercise. Figure 
90A shows RS-T shifts following exercise. 
It is noted that the shifts are opposite in 
direction and proportionate in magnitude to 
the main deflection (in terms of area) of the 
QRS complex and they are, therefore, not un- 
expected when the gradient magnitude is 
diminished by exercise. Figure SOB is an 
exercise electrocardiogram showing RS-T 


shifts due to disease. There is no essential 
difference in the appearance of the shifts 
themselves, but in the precordial leads of 
SOB the shifts are not opposite in direction 
nor proportionate in magnitude to the main 
deflection of the QRS complexes. Generally, 
but not always, the nonpathologic shift is re- 
lated to the rapid rate following exercise. 
Again the time of appearance of the shift 
may be of importance. Nonpathologic shifts 
are usually most marked in the tracing made 
immediately after exercise because the rate 
is most rapid at this time. However, the exer- 
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Fio. 92. Exercise effects in ft young noniul subject, a, resting; b, after exercise. Note in- 
version of T waves in all three standard limb leads. As shown in the diagram (c). this results 
from diminution of the gradient when the loop is orientated as shown. T" is the T vector which 
resulted from marked diminution of the gradient as a result of exercise in this subject. 


cise shift b not entirely dependent upon rapid 
rate. The pathologic shift accompanies the 
pain (if any) and while it may be most 
marked in the tracing made immediately after 
exercise it may make its first appearance 
or become greater, if already present, in the 
tracing made 5 or 1 0 minutes after the exercise 
is completed (see Fig. 89). 

NVhen RS-T shifts occur as a result of rapid 
rate, after exercise, after food, and (most 
marked) when exercise effects are superim- 
posed on the effects of food, the relationship 
of the magnitude of the RS-T shift to the 
QRS complex is of the greatest importance. 
This phenomenon makes empirical attempts 
at limitation of the magnitude of nonpatho- 
logic RS-T shifts without regard to the rela- 
tionship of such shifts to the magnitude or 
direction of the QRS complex quite erroneous 
and dangerous. A very small shift in the 
same direction as a large QRS complex may 
be very significant, and a small shift in the 
opposite direction of a very small QRS 
complex may be equally significant. 

Because T wave changes will be noted in the 
electrocardiograms made after exercise it may 
be well here to review the effects of exercise 
(20 deep knee bends) on the T wave of the 
electrocardiogram in the normal and to show 
several examples. Following such exercise the 
heart generally beats at an increased rate and 
undergoes some change in position and rota- 
tion as a result of the higher resj^atory 


mtdposilion characteristic of dyspnea. This 
subject has been pursued in some detail in 
Chapter 5. The diminution of the gradient 
which charactenstically seems to follow 
exercise (and which does not entirely depend 
upon rapid rate) together with the change 
in cardiac position and rotation (as revealed 
by comparison of the QRS complexes before 
and after exercise) produce changes in the 
T wave which may be misinterpreted as evi- 
dence of disease. One need not necessarily 
measure the gradient to determine that T wave 
changes have resulted from diminution of 
the gradient. Figure 40 (p. 57), representing 
the effect of diminution of the gradient upon 
the T wave vector and upon the T waves of 
the limb leads when the heart is in various 
positions and rotations, illustrates the use of 
the model of the spatial QRS loop with the 
attached mean spatial QRS vector, spatial 
gradient vector, and the series of T wave 
vectors, T to T, resulting from progressive 
diminution of the gradient. In general, if the 
heart is rotated clockwise the T wave axis as 
projected on the frontal plane is deviated to 
the left by diminution of the gradient. If the 
heart is in counterclockwise rotation the T 
axis is deviated to the right by diminution 
of the gradient. If the heart is nonrotated or 
only slightly rotated the T axis remains un- 
changed in direction. In such cases the T axis 
as projected upon the frontal plane becomes 
smaller unless a change in cardiac position 
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Fre. S3. Persistence of exercise effects The signiAcance of the persistence of the T wave 
changes shown here has not yet been determined. The patient is a 4S-year*old woman with no 
evidence of heart disease — unless ihu be it. 


counterbalances the effect of diminution of 
the gradient. In apex*back hearts the degree 
of the change in the magnitude of the T axis 
is less than in apex-forward hearts. 

If the QRS loop model is placed in the 
proper orientation, so that its projection upon 
the frontal plane produces the limb leads 
occurring in the patient's tracing, the effect 
of diminution of the gradient can be learned 
by comparing the effects on the limb leads 
of the projection of the vectors T and T" upon 
the frontal plane. If the QRS complexes have 
changed following exercise it wilt usually be 
found that the change in the orientation of 
the model which is required to correspond 
to the new QRS complexes is a change of 
the anatomic axis to a more vertical direction 
and/or a clockwise rotation of varying de- 
gree. It is important to note that when the 
heart is clockwise and remains so after exer- 
cise diminution of the gradient causes the 
T axis to deviate to the left (from T (o T, 
Fig. 40d, p. 57) while a change to the more 
vertical position tends to cause the T axis 
to deviate to the right (for the T axis tends 
to follow the anatomic axis. Fig. 40e). Since 
both the diminution of the gradient and the 
change in anatomic axis frequently occur 


after exercise (and under other circumstances) 
it is important to point out that the two oppos- 
ing effects may counterbalance one another 
and that sometimes one predominates and 
sometimes the ether. Figure 91 shows such a 
combination of effects analyzed by means of 
the model employed in Fig. 40. It is safe to 
say that if the tracing b of Fig. 91 had been 
obtained first (as well it might have been) 
and that shown as tracing a been obtained 
later some might erroneously conclude that 
a "posterior” infarction had occurred. Figure 
92 shows that if the loop is in the orientation 
shown (diagrammed) the change from T to 7“ 
may cause inversion of the T wave in all 
three limb leads. The T wave in V 4 , Vo, and 
V# may also be inverted." 

It is commonly observed that the U wave 
becomes larger after exercise. This has no 
pathologic significance. 

The possible significance of the duration 
of the exercise effects has not yet been de- 
termined. They are presently under investiga- 
tion. Figure 93 demonstrates prolongation of 
the duration of the exercise eflects. They seem 

•All these effects result from the diminution 
of the gradient and are also predictable from 
the two monophasic curve analysis presented 
to Fig. 31, column a (p. 46). 



Fio. 94. A, Tracings made at interval observation (o) and during an attack of pain (b). 

B. Tracings of another patient made during (a), and after (fc) an anxiety attack. The patient 
was a 26-year-otd male. Pain in the chest was present during the anxiety attack. 

Both cases show RS-T shifts. Wiile these are greater in the tracings of patient A when we 
compare her tracing b to B's tracing a, this is not true when we compare the tracings in which 
the rate is the same (tracing A-a and F--a). Thus if B's rate had risen to almost 150 beats/ 
minute the RS-T shifts might have become larger. 

The distinction between the tracing showing disease (ri) and that which is normal (B) is 
that In B~tt all shifts are opposite in direction and proportionate in magnitude to the main de* 
flection of the QRS complexes, while in A they are not; Lead II m A-h shows a targe shift 
though the R in that lead is not large, and in Lead III the RS-T shift is in the same direction as 
the maia deflection of the QRS complex. 
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Fio. 95. a. An interval tracing on a 68-year-old woman with hypertension. The RS-T shifts 
arc probably due to relatively rapid rate (120/mui.). b was made when patient developed 
epigastric pain while in the office. 

Comparison of c with b shows a definite diminution in the shifts following nitroglycerine. 
There is little change in rate. The pain also disappeared The shift in Lead II in tracing b is too 
great to attribute to rapid rate, for it does not follow a Urge R wave. 


to persist longer after the faking of food (in 
the same individual). 

At times exercise induces a nodal rhythm. 
This has oo pathologic stgniiicaace. 

Occasionally the exercise induces left bun* 
die branch block. This must be regarded as 
a definite and important sign of disease. 

RiS-T Shifts Due to Rapid Rate. Fre* 
quently electrocardiograms are made on per* 
sons suspected of coronary disease when the 
heart is beating rapidly because of emotional 
factors or shock. RS-T shifts associated with 
rapid rate are common m such (racings. Such 
RS-T shifts which tend to be opposite in 
direction and proportionate in magnitude to 
the mam deflection of the QRS complex may 
be due entirely to the rapid rate as described 
in the discussion of exercise tracings. Un- 
fortunately, RS-T shifts due to injury may also 
be opposite in direction to the main deflec- 
tion of the QRS complex and again the dis- 
tinction between the norma! and the abnormal 
may be difficult. Figure 94.4 shows two 
tracings made on the same patient within a 
few days, one (n) without pain and the other 
(i>) with pain. The RS-T shifts in b are 
opposite in direction to the main deflection 
of the QRS complex except in Lead III in 
which the RS-T shift and the main deflection 
of the QRS complex are in the same direction. 
The flat depressions of the RS-T segment 


including the displacement of the RS-T Junc- 
tion is empirically very suggestive of disease 
but it can be closely mimicked by nonpatho- 
Jogic shifts when the rate is rapid (Fig. 94B). 
The shift in Lead II in 94A-h is a bit large 
in proportion to R to be explained on non- 
pathologic basis. Nitroglycerine was admin* 
istered and observations were made at 
frequent intervals. A diminution in the shifts 
without significant rate change accompanied 
rebef of the pain, (Fig. 95). 

It must be stated that frequently the de- 
cision regarding the degree of RS-T shifts 
that should be regarded as pathologic de- 
pends upon the experience of the observer. 

Figures 96a and b are tracings made on two 
patients whose heart rates were rapid every 
time they were examined. The RS-T shifts 
tend in most of the leads to be proportionate 
to and opposite in direction to the main de- 
flection of the QRS complexes. These tracings, 
therefore, may be entirely normal. However, 
in both of these tracings the RS-T shift in 
Vj appears to be in the same direction as the 
main deflection of the QRS complex. In b 
the S is deeper, but the R is wider and R 
actually has a greater area and may be re- 
sponsible for the direction of the RS-T shift. 
TTiis is not true of o, however, and it is 
necessary to consider whether the shift is 
pathologic or, as has been described above. 
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Fia. 96. Two patients whose hearts were al- 
ways rapid due to emotional causes. RS-T de- 
pressions follow all large R waves and arc prob- 
ably due to small gradients resulting from rapid 
rate. V, may be an exception in a. In b the 
R of V* is not large in amplitude but b wide 
while the deeper S is very narrow. Since it b the 
area which is important and the area of R b 
greater than that of S. the downward shift of 
the RS-T still follows the rule. 


whether it represents an example of the con- 
trary behavior of a nonpathologic shift in a 
lead made by an electrode close to the heart. 
In many such cases no final conclusion may 
be justified. Further observation may be neces- 
sary. If following such observations the elec- 
trocardiogram undergoes changes that are 
distinctly abnormal the conclusion must be 
based on these findings and not upon such 
tracings as shown in Fig. 96<i and b. In this 
connection it is necessary to warn the reader 
that in the normal heart after prolonged 
tachycardia due to ectopic rhythm the elec- 
trocardiogram may show inverted T waves 
that may persist for several days after the rate 
b stowed (Fig. 97). No diagnostic significance 
can be attached to T wave changes under these 
circumstances. 

An upward shift of the RS-T segment in 
leads with large R waves, Is, at times, due to 
the presence of a large gradient (Chapter 5) 
in a perfectly normal heart (Fig. 98). At 
times it is possible to be certain of this only 
after repealed observations over a period of 
time show that the shift does not change. 
Shifts due to pathologic changes only occa- 
sionally remain stationary. R^T elevations 
due to a large gradient may diminish after 
exercise (Fig. 98). However, it is also pos- 
sible for injury shifts to be reduced by exer- 
cise and therefore this method of distinguish- 
ing the shifts is useless as well as dangerous. 
Again, in some cases the nonpathologlcal 
shift may persist after exercise but the T 
wave becomes inverted producing a cove- 
shaped diphasic T wave which may be mis- 
talcenly interpreted as abnormal. It will be 
seen in Fig. 99 that this phenomenon occurs 
not only after exercise but also when a deep 
breath is held. 

It is important to mention here that RS-T 
shifts are common in electrocardiograms of 
patients taking digitalis. At limes patients do 
not know they are taking this drug and errors 
can be made on this account. These digitalis 
shifts are exaggerated by rapid rate, hfore 
detail is furnished in another section. Figure 
100 shows a tracing made on a patient who 
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Fic. 97. Tracings during and after two attacks of auricular tachycardia in the same patient. 
Alter the prolorfcd attack the T waves in Lead I and CF, are inverted 24 hours Jater the T 
wave in Lead 1 is upright but the T wave in CF< is diphasic. There is no heart disease. After the 
short attack the T wave in Lead 1 is not inverted. 


had been taking digitalis. It is impossible to 
evaluate the changes shown here until the 
digitalis effects have disappeared. This may 
not occur until the digitalis has been discon- 
tinued for several weeks. 

ELECTROCARDIOCRAPHIC DIAGNOSIS OF CORO- 
NARY INSUFFICIENCY FROM SERIAL CHANCES 
IN i.vTERVAi. TRACINGS. The electrocardiogram 
a of Fig. 101 was made on a 50-year-old man 
who had had a pain in the chest following 
moderate esertion several days before. This 
tracing reveals n i striking findings. On the 
following day electrocardiogram b was made. 
In this tracing we find that Tj has become 


larger and that Tm has become inverted. In 
other words, the T wave axis has swung to the 
left. Just as the recording of this electrocar- 
diogram was completed the patient had an- 
other pain in the chest and another tracing, c, 
was made. In this tracing the T wave axis has 
swung far to the right; Ti is very small and 
Tjff is very much larger. If Vt had been re- 
corded It would have shown an inverted T 
wave. The T wave in the precordial lead 
shows a definitely abnormal form. The fracing 
retained this form for'about a week but by 
another 15 days it had almost reverted to the 
form shown in Fig. lOIi. Following this the 
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Fig. 98. Diminution of nonpsthologic 
RS-T shift after exercise. Unfortunateljr 
pathologic RS-T shifts may at tunes also 
be diminished after exercise. 


patient had no further symptoms although he 
was completely active and four years later his 
electrocardiogram was unchangedL Six years 
following the first tracing he suffered a myo- 
cardial infarction. 

Frequently, when no electrocardiogram can 


be made during an attack or when such trac- 
ing do not show diagnostic changes, serial 
tracings made between attacks over a period 
of several days or weeks may show changes 
that are diagnostic. These are due to the per- 
sistance of ischemia after the attacks are over 
and to subsequent recovery. If tracing c of 
Fig- 101, had not, fortuitously, been obtained 
during an attack the series of tracings a, b, 
d, e, and f would represent such a serial 
change and it will, therefore, be employed to 
illustrate this phenomenon in detail. It is im- 
{tortant to note that in these tracings the T 
axb swings to the left {a to b) then to the 
right [d), and finally to the left again (/). 
There is not sufficient change in the QRS 
complexes of the limb leads to make it pos- 
sible to explain this phenomenon on the basis 
of change in cardiac position, nor is it pos- 
sible to explain them on the basis of nonpath- 
ologic change in the gradient due to change 
in rate, etc. It is important to note that trac- 
ings a and b, considered individually, are 
both within norma! limits. The QRS-T rela- 
tionship (the gradient) in each of these trac- 
ings Is within the bounds of normal individual 
variations. As stated before the magnitude of 
the ventricular gradient varies from individual 
to individual (Chapter 5). However, when 
such tracings as a and b occur In serial ob- 
servations on the same patient and if the 
change in the T axis cannot be accounted for 
by nonpaltvolQ^c factors (change in cardiac 
position and rotation, change in the magni- 
tude of the gradient due to rate change, exer- 
cise, food, tobacco, or digitalis) then such 
change in the T axis is suggestive of disease. 
The subsequent appearance of tracing d 
showing a marked change in the T axis is con- 
clusive even if the precordial lead had not 
shown the markedly abnormal form. 

Figure 102 shows a series of interval trac- 
ings on a patient who was having pains in the 
chest and in whom several areas were in- 
volved in the ischemic process. The serial 
change in the T wave axis b diagnostic. 

In the evaluation of any T wave change 
in serial tracings the measurement of the 
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Fio. 100. RS-T shifls due 
to digitalis. The reason for ad> 
mnisSTaiicj} oi digiiatb rouM 
not be ascertained. Interprets' 
lion of the tracing in the pres- 
ence of such digitalis efTecls is 
impossible. 

Q-T interval may be of great importance. The 
Q-T interval may not be or become prolonged 
in such tracings but if it does the prolonga- 
tion is of great diagnostic significance in the 
absence of electrolyte disturbances and of 
quinidine. 

Figure 103 shows a series of tracings made 
on a patient who was having pains in the 
chest of bizarre distribution. The first record 
shows a large Ti and a small T„, pattern 
characteristic of a semitransverse heart in 


counterclockwise rotation (Fig. 103, 2-8- 
53a). The second tracing shows a marked 
change in the T axis so that Tj is now smaller 
than T|n although both are upright. This at 
a glance represents at least a diminution of 
the magnitude of the gradient. Actual meas- 
urement might show that the direction of the 
gradient has also changed. However, even if 
the gradient is simply diminished to produce 
this rightward deviation of the T axis the 
absence of change in cardiac position (the 
QRS remains the same), of rate increase (the 
heart is actually slower), and of other non- 
pathologic factors make it necessary to con- 
clude that the change resulted from disease 
(ischemia). At times, as when some non- 
pathologic factor cannot be ruled out, it may 
be necessary to measure the gradient. In 
(be case illustrated in Fig. 103 it is found that 
the gradient has deviated some IS” to the 
right from tracing a to tracing b (2-8-53). 
This cannot be normal unless the cardiac rota- 
tion has changed. The subsequent tracinp 
bore out this conclusion. As indicated in the 
discussion of Fig. 102 a change in T axis from 
right to left in serial tracings may be equally 
important when it cannot be explained on a 
nonpathologic basis. It is important to note 
that when Tjn is greater than T/, whether in 
normal or in pathologic stales, then will 
be negative; when T/ is greater than Tm then 
must be positbe. has no greater or 
less significance than the T,: T„, ratio. It is 
also important to note (Fig. 103) that ische- 
mic changes may be present in an electrocar- 
diogram even though all of the T waves are 
upright including those in the precordial 
leads. 

Rgure 104 shows a series of tracings ob- 
tained over a period of several days from a 
patient who had attacks of pain in the chest 
on walking. No opportunity to make tracings 
during an attack presented itself. This series 
shows a progressive change in the T wave 
axis toward the right due to change in (he di- 
rection of the gradient (though here it was 
not necessary to determine this by measure- 
ment). Another finding is inversion of the 
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Fio. 101. Tracing a was made two daya foUowing an attack of chest pain that occurred 
while this 50-year-old male was working In the garden. i> was made three days later and e a few 
minutes after A, the latter during pain which occurred just after the recording of A was com- 
pleted. d, e, and / were made on the dates Indicated as follow-up observations. 

The change in the T wave axis from tracing to tracing (discussed fully In the text) is regarded 
as diagnostic even in the absence of the characteristic change in the precordial lead seen m 
c, d, and e. 


U waves in the precordial leads. This does not 
occur in normal hearts. Except for this finding 
the precordial leads in the fint tracing are 
within normal limits. This patient died of an 
acute anterior infarction several months after 
these tracings were made. 

It would be well to recall here that inter« 
pretation of serial precordial leads is full of 
pitfalls (see Chapter 3). Changes in the T 
waves as well as changes in the QRS com- 
plexes may be and frequently are due to 
change in the placement of the electrodes. 
While changes in the T waves of the Junb 
leads due to changes in cardiac position can 
be detected by examination of and analysis 
of Corresponding changes in the QRS com- 
plexes, the same cannot be done for T wave 
changes in precordial leads of the same series 
of tracings. Although Che QRS complexes of 
the two corresponding serial chest leads may 
show sufficient difference to indicate that the 
electrode was placed differently for each, 
such comparison is very crude and. therefore, 
IS often completely unreliable. Even if the 
electrode positions are marked on the slin 
with silver nitrate the position of the heart 


with relation to the electrode may be altered 
as a result of abdominal distention, slight 
change in posture, or change in the respira- 
tory midposition. It frequently requires but a 
small change in the position of the electrode 
to produce a marked change in the electro- 
cardiogram. This is true for both the QRS 
complexes and for the T waves. 

When one considers the fact that so many 
persons have pains about the chest and m the 
epigastrium which they think Unimportant or 
which they attribute to “gas” it becomes ap- 
parent that it is necessary to realize that the 
electrocardiogram made on any patient under 
any circumstances might be found to be a 
member of such a scries as presented In the 
above figures if repeated observation over a 
period of lime were made. Thus the value of 
repeated observations over a penod of several 
days to weeks is emphasized. 

SIGNIFICANCE OF NONPATHOLOCIC FACTORS 
nr INTERPRETATION OF SERtAL ELECTROCAR- 
DIOGRAMS WHEN CORONARV DISEASE IS SUS- 
PECTED (WITH EMPHASIS ON EFFECT OF 
FOOD). In (he evaluation of the serial electro- 
cardiographic observation recommended here 







F;o. 103. Cbattge in T a^iis in serial interval tracings in angina. The tracings were made on 
a patient having repealed pains in the chest. No observation was made during an attack. The 
change in T axis toward the right from 2-S-JSa to 2-S~55b could be due. in a counterclockwise 
heart, to diminution of the gradient by rapid rate, food or exercise. Since the patient was at bed 
rest, the rate is actually slower in b, and the iradng was made fasting, the change is diagnostic 
of disease Subsequent tracings bear out this conclusion. Furthermore, measurement of the 
gradient shows that it deviated IS* to the right from a to b. This seldom occun as a result 
of nonpathologic factors without change in card&c position or rotation. It is evident from the 
QRS complexes that no significant change in cardiac rotation occurred between a and b. 

By 2-28-53 the tracing was normal again. On 3-4-53 the patient had an attack of auricular 
tachycardia. The tracing made on 3-6-53 shows the effects of quinidine and of the attack of 
auricular tachycardia. 
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Fig. 104. Chanse m T axis in serial tracings In angina. Progressive deviation of T axis 
toward the right pathognomonic of myocardial disease. No observations could be made during 
an attack. 

The diagnosis was suspected from the first tracing because the T axis b such as to indicate 
that the gradient lies too far to the right for a mean QRS which is at roughly O*. though this 
can be normal In some apex-back vertical hearts. The inverted U waves in V, and V« were 
also highly suspicious. Subsequent change of the T axis even further to the right confirms the 
suspicion even without the markedly abootmal T wave changes in the precordial leads In the 
last tracing. 


and shown in Fig. 103 (in which the changes 
are notably in the T waves) it is necessary, 
as has been stated before, to take into account 
the possible influence of nonpathologic fac- 
tors. Postural change, abdominal distention, 
and ascites may cause such change in cardiac 
position and rotation as is depicted in Fig. 4o 
(p. 57). Even the difference between the back 
rest and the supine position may be impor- 
tant. The higher respiratory midposilion of 
hysterical hyperpnea or of great pain is often 
important in this connection. The detection of 
change in position and rotation depends upon 
close examination of the QRS complexes 
(see Fig. 91). Hemorrhage, shock, and anx- 
iety may cause great rate change; RS-T 
shifts and the T wave changes depicted in 
Fig. 94B occur under these circumstances as 
a result of diminution of the ventricular 
gradient. 

The effects of exertion summarized in the 


preceding discussion of the effects of exercise 
on the electrocardiogram (p. 119) are of great 
importance in this regard. Electrocardiograms 
are frequently made (without realizing it) 
a few minutes after rapid walking or other 
activities which may produce exercise effects 
(Fig. 105). Unless one is cognizant of these 
effects errors can be made. Again, the effects 
of digitalis, tobacco, and of electrolyte dis- 
turbances as well as of other factors must be 
taken into consideration. Description of some 
of these must be left to the other sections. 

In addition to other factors the writer has 
found and reported in 1939 that the taking of 
food causes pronounced changes in the T 
waves of the electrocardiogram in the ma- 
jority of persons. These also seem to result 
from diminution of the magnitude of the 
gradient, and may, therefore be summarized 
by the diagrams of Fig. 40. These changes are 
at their peak at about one hour after the 


Fig. 105. Effects of food and exercise. 5-J-55, Electrocardiogram made on young woman 
for clinical purposes 3-10-5Sa, Electrocardiogram made four hours after the last meal. 5-10- 
55b, Electrocardiogram made at same sitting as a after 20 deep knee bends. 5-ll-S5a, Elec- 
trocardiogram made one hour after a large meal 5-11— 55b, Electrocardiogram made at same 
sitting after 10 deep knee bends. 

Note that the tracing made with exercise foDowmg a meal h almost exactly t/ke that of 
5-5-55 It was subsequently learned that the Utter iracuie was made after walking 

two blocks very rapidly one hour after a meal. 








Recumbent 
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most markedly lowered while Tm increases. B. ^ect of food when heart is 
rotated clockwise. Ti is affected less: Tm and Tn are diminished and may become 
inverted Note that the T in aVr is inverted by the meal. 

The common denominator is the ventricular sradient which, m both cases, is 
dunmisbed by food but changes little in direction. 


taking of the meal and seem to persist as long 
as two and one-half hours. Figures 106^4 and 
B are from the original work. Exercise after 
the taking of food seems to increase the 
effects, producing a more marked diminution 
^ of the magnitude of the ventricular gradient 
■ than is produced by either factor alone. More 
RS-T deviation is, therefore, also produced 
under these circumstances. 

Figure 107i4 shows the effect of the taking 
of food upon the electrocardiogram of a man 
whose tracing shows left deviation of the 
QRS axis. 

Figure 1070 shows two observations made 
on the same patient on different days. The 


change might have been due to myocardial 
ischemia which may also diminish the magni- 
tude of the gradient. There is no significant 
rate change and no digitalis had been given. 
Tracings made fasting and one hour after a 
full breakfast reproduced exactly the two trac- 
ings made previously. 

■Figure f08 shows electrocardiograms made 
before and one hour after breakfast; the 
subject was a young woman with no evidence 
of heart disease of any kind. U is the only 
example of RS-T depression in Lead I of 
this type which the writer has seen in the ab- 
sence of disease or digitalis, or rapid rate. 

It should be mentioned in passing that the 
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Fig. 108. Effect of food on the electrocardiogram. Depression of the RS-T 
segment in Lead 1 due to food. 


electrocardiographic changes which follow T wave changes can never be interpreted ex. 

cigarette smoking and anxiety cannot logically cept in terms of the QRS-T relationship. 

be interpreted differently from the same 

changes following any other factor which t wave cttANCES FOLtowiNO VENTR.cuLAft 
simply diminishes the magnitude of the ven- premature beats. At times, as demonstrated 
tricular gradient such as increased rate (which complexes which follow the 

is a frequent accompaniment of smoking and compensatory pause of premature beau show 
of anxiety), digitalis, or the taking of food. T wave changes. This does not occur in nor- 
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Fio. 109. T wave changes following premature beats a, Note T wave becomes inverted 
after each pause following a premature beat, b. In this record T previously inverted becomes 
upright following the premature beat. c. T wave previously upright becomes inverted following 
the premature beat d, The T wave becomes larger following the premature beat. 

mal hearts unless the original rate is rapid. 
The T wave change may be a diminution, 
even an inversion (as in Fig. 109a) or an in* 
crease as in Fig. 109i, This phenomenon was 
observed by Ashman some years ago. It is an 
important diagnostic sign of myocardial dis- 
ease. 

Azamora elicited the same effect of increas- 
ing cycle length by employing carotid sinus 
stimulation. He showed that in diseased hearts 
previously upright T waves became inverted 
when the rate was slowed. By employing exer- 
cise he produced the opposite elfect. 

Myocardial Infarction* 

If one is to trace the effects of myocardial 
infarction upon the electrocardiogram from 
Ihdr Inception it is necessary to begin with 
the injury effects which have been described 
•With the collaboration of Louis Levy, II, 
M D , Heart Suiion of Charity Hospital, New 
Orleans. 



FfC. ItO. Principle involved in analyzing 
the effect of infarction on the representative 
vector of a wave of excitation. 
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in Chapter 6, which the reader should review 
at this time. As has been stated in Chapter 6 
the QRS changes generally appear as the in- 
jury shifts diminish. The reciprocal change 
most often requires about five days to become 
complete but is more rapid in some cases and 
much slower in others. 

In order to construct the RS~T shifts and T 
wave changes which occur early in myocar- 
dial infarction in any area one simply con- 
structs (as described in Chapter 6) the vec- 
tor 1, representing the current of injury, per- 
pendicular to the surface of the injured area. 
The vector i (the reversal of /) is then con- 
structed to represent the direction of the 
RS-T injury' shifts. I may also be employed to 
represent the ischemic vector Is and the T 
wave effects are constructed as shown in Figs. 
54 and 55 (pp. 75—77). In the succeeding dia- 
grams employed in the analysis of the QRS 
complexes in myocardial infarction the in- 
farct vector, I, when it represents the effect 
of the entire infarct, may be employed as the 
current of injury vector I as described above. 
Conversely the RS-T shift may be measured 
in two limb leads and plotted as the vector 
quantity, i. The reverse of this vector quantity 
gives us the vector I representing the direction 
and magnitude of the current of injury. Some 
aid in determining the location of the infarct 
may he afforded by determining the direction 
of the current of injury, for the spatial vector 
representing it is perpendicular to the injured 
area (see Fig. 54, in uhich ! is labelled Ci). 

The same hypothesis of sequence of activa- 
tion employed throughout this presentation is 
applied to the analysis of the QRS complexes 
in myocardial infarction. It is assumed that 
the area of muscle that has undergone necrosis 
is incapable of producing electrical effects. 
Therefore it is assumed that the wave of 
excitation which is drawn for each stage of 
depolarization shown in Fig. 15 (p. 19) 
should show, as a result of infarction, a de- 
fect in that part occupied by the infarct. In 
order to determine the effect of the infarct 
upon the spatial vector representing any stage 
of activation it is necessary to subtract the 


electrical effect normally exerted by the 
area which has become infarcted from the 
electrical effect of the total wave of excita- 
tion. In order to do this we erect a spatial 
vector which represents the estimated elec- 
trical effect of that portion of the wave of ex- 
citation which fails to occur as a result of 
the infarct. The direction of this vector rep- 
resenting the absent portion of the wave of 
excitation (the defect) is reversed (/, Fig. 
110) and it is (hen added vectorially (paral- 
lelogram of forces) to the normal vector (JV) 
to obtain the resultant vector (R) which rep- 
resents the electrical effect of the dipole layer 
after infarction has occurred. 

In Fig. no A and B are two parts of a 
wave of excitation. The electrical effect of 
each part is represented by a vector (a, b) 
drawn perpendicular to the surface of each 
part and the total effect of the entire wave 
of excitation is obtained by vectorial addition 
(the parallelogram of forces) to obtain the 
resultant vector, N. If now the area normally 
occupied by B is destroyed it is seen that 
reversal of the direction of the vector which 
normally represented the dipole layer B and 
Its vectona) addition to the vector N gives us 
the vector R which represents that portion 
of the dipole layer \^hich remains {A), and 
which, obviously is Identical with the vector o. 

It is important to remember that for the 
same infarct the size of the defect which 
occurs in the wave of excitation is different 
at the various stages of activation. As a re- 
sult the magnitude and direction of the vector 
which represents the defect in the wave of 
excitation varies from stage to stage. This be- 
comes clearer when we consider Fig. 1 1 1 in 
detail. 

LATERAL MYOCARDIAL INFARCTION. The first 

group of infarctions to be presented will be 
infarctions in the lateral wall of the left ven- 
tricle. The general location of the infarct is 
shown as the missing portion of the ventricle 
in Fig. 111. The reader is to understand that 
the infarct extends into the upper half of the 
heart (not shown in the first stage) as far as 
it does in the lower half. 
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Fla. 111. The heart is again represented in the semiiransverse position and countereloelc* 
wise rotation seen in Fig li. 

Since the infarct is in the lateral wall of (he left ventricle (he first stages of activation, 0 005 
second and 0.015 second (not shown) are unatTected since the wave of excitation at these 
stages has not yet reached (he infarcted area At 002 second the defect in the wave of excita* 
lion can be estimated by comparing with the corresponding stage of Fig 15. The vector repre- 
senting this defect (the infarct vector /) points to (he right and somewhat toward the base As 
shown in the diagram the construction of this vector is necessarily different for each stage. 
Vectorial addition of this infarct vector / to the normal vector, N, for each stage of activation 
produces the resultant vector, R, representing the electncal effect of the wave of excitation as it 
occurs after infarction. Throughout the process of depolarization as shown m the figure, it is 
the succession of resultant vectors, R, which insenbes (he defections of the electrocardiogram 
as It appears after infarction The earthworm-like structure which traces the path of the head 
of the cone-shaped vectors R is (he spatial QRS loop which occurs after infarction in the semi- 
transverse counterclockwise rotated heart white the earthworm-iilce structure which traces the* 
path of the normal vectors, N, is the normal QRS loop for the semitransverse counterclockwise 
rotated heart (as may be recognized from Fj| IS). 

Figure 1 1 1 depicts the effects of a lateral farction are developed simultaneously. In de- 
wall infarction upon the spatial QRS loop scnbing the effect of infarction upon the spa- 

and the standard limb leads of the electro- ttal loop it is of fundamental importance that 
cardiogram employing the basic diagrams de- we pay attention not only to the change in 

veloped m Chapter 2. Both the normal spatial the shape of the loop and its orientation in 

QRS loop and the loop which occurs after in- space but also to the liming of the various 
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Fio. 112. The precordial leada in lateral and posterolateral infarction. The four stages of 
the process of excitation employed in Fig. Ill are represented in two-dimensional diagrams. 
The distinguishing features are the increase in height and duration of R in V* and the diminution 
of S in Vi. A wide Q and inverted T in V« may appear, but if the intaret occupies a more 
basal position than shown here the precordial leads over the left chest are not remarkable. 
Diagnostic dlfBculty can be caused by the similarity of the precordial leads that occur in 
lateral and posterolateral infarction to those which occur in right bundle branch delay and in 
right ventricular hypertrophy. 


portions of the loop. Two loops may be of 
similar shape but the timing may be consid- 
erably different. 

The characteristics of the spatial QRS loop 
which may be expected when lateral infarc- 
tion occurs in a semitransverse counterclock- 
wise-rotated heart are as follows: {!) the first 
portion of the loop (from a to b) extends 
further forward and a bit further to the right 
than does the first portion of the normal loop; 
(2) this portion of the infarct loop is of 
longer duration than the first portion of the 
normal loop because vectors occurring at 
0.02 second and 0.025 second are found 
pointing to the right as compared to similarly 
timed vectors in the normal loop. 


The longer duration of the first portion of 
the loop, as shown in the basic diagram, in- 
creases (he duration of the Q in Lead I 
even though it does not deepen it greatly. The 
same changes produce a deepening and wid- 
ening of the Q in Vi. (not shown in Fig. Ill), 
At the same time the R wave in Lead 111 is 
increased in height and duration. Especially in 
high lateral infarction and in apex-back 
hearts the effect on the Q in Lead I is not 
nearly so marked as is the effect on R in 
Lead III. 

Precordial Leads. In Fig. 1 1 2 the precordial 
lead pattern associated with lateral myocardial 
infarction is depicted. The essential points 
are an increase in duration and amplitude of 
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Fia. 113. Electrocardiograms made on a 
patient (whose heart is in approtimalely the 
position and rotation shown in the diagram of 
Fig. Ill) before and after the development of 
a lateral wall infarction Note the Increased 
duration of Qi and increased height and dura- 
tion of Kill, as well as the decreased magnitude 
of Sill and increased magnitude and duration 
of the R in V< Alt these effects of the infarct 
are predicted in Figs III and 112 on the basis 
of the hypothesis that we employ. 

the R in V, and the decrease in the amplitude 
of R m Vr, and Vo. There is also an increase 
in the duration of Q in Vj. 

The initial stage of activation (at 0 005 
second) is represented in Fig. 112 by the 
small wave of excitation on the left side of 
I the septum. The sides of the solid angle arc 
not drawn for this stage but the deflection 
produced by it begins the QRS complex 
drawn for each lead in the figure. The obliter- 
ation by the lateral wall infarction of a large 
part of the waves of excitation normally oc- 
curring in the lateral wall of the left ventncle 
at 0.02-0.04 second permits the preponder- 


ance of the effects of the waves of excitation 
in the right ventricle on the electrode at Vi 
(and Va) at these stages: the positive solid 
angle subtended at Vj by the wave of excita- 
tion in the right ventricle is much larger than 
the negative solid angle subtended at the 
same electrode by the much reduced wave 
of excitation in the lateral wall of the left 
ventricle (see 0.020 second and 0.025 second 
of Fig. 112). This causes an increase in the 
height and duration of the R wave in V^. The 
reduction of the size of the later waves of 
excitation occurring at 0.04-0.06 second by 
the infarct causes the S in Vj and Vj to be- 
come reduced (compare Fig. 1 12 to Fig. 23). 

Figure 113 shows tracings before and after 
lateral wall infarction in a patient whose car- 
diac position IS that of Fig. 111. 

Effect of Various Rotations upon the Limb 
Leads. It is seen that clockwise rotation of 
the heart (Fg. 114f>) causes the Q in Lead I 
to disappear and causes a Q to appear in Lead 
III. As a study of the timing of the loop re- 
veals, the width of the Q is more important 
than its deplh. The reader would do well at 
this point 10 fashion the loops shown m Fig. 
114 and an anatomic axis from a piece of 
wire and experiment with the rotations him- 
self. With the loop in clockwise rotation the 
infarct tracing assumes the form commonly 
associated with “posterior" infarction (Fig. 
I14fi,c). Actually, of course, clockwise rota- 
tion does make the infarct assume a more 
"posterior" (diaphragmatic) orientation m 
space. It requires but little clockwise rotation 
to change a frontal plane loop so that the 
tracing changes from a Qj Rm to a Qm Ri 
pattern, especially when the apex is moder- 
ately back. 

When the heart is in the position and rota- 
tion shown in Fig. Il4d, the tracing shows, 
after infarction, a deepening of the Qni- 
Whether a detectable widening of Qm will 
become evident is problematic because with 
the heart (and loop) in this position the Qm 
is already moderately wide. Widening, if it 
occurs, is of great significance. It is clear, 
however, that from the limb leads alone the 





Fig. 114. a. Effect upon the loop and QRS complexes when the heart h less counCerclock- 
svise than in Fig. 111.6 and c. Effect of clockwise rotation of the heart about its long axis. In 
c there is more clockwise rotation than in b. The marked complexes correspond to the infarct 
loop, d, Effect of making the heart transverse, moving the apex back with relation to the base, 
and rotating it slightly clockwise, e. Effect of moving the apex back and rotating the heart 
slightly counterclockwise. /. Effect of left ventricular hypertrophy (which increases the width 
of the spatial loop) in a vertical slightly counterclockwise heart. No infarction is present. Note 
similarity between the complexes of the vertical heart with a hypertrophied left ventricle and 
those of the lateral wall infarct of e. 




Fio. 115. a. Normal tracing, ape*-back, 
vertical, counterclockwise. Prccordial leads were 
normal b. High anterolateral infarction pro- 
ducing similar standard and unipolar limb leads. 
Only the precordial leads distinguish the two 
tracings. 


Fic 116. Electrocardiograms before and 
after lateral myocardial infarction when the 
preinfarction tracing corresponds approximatefy 
to the position and rotation shown in Fig. Il4b 
(there is probably slightly less clockwise rota- 
tion). Note that after infarction Qj becomes 
wider and all of the R waves in the limb leads 
are lower as in the infarct leads shown in Frg. 
1146. 
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Fio. 117. A diaphragmatic wall infarct b represented by the gtidded area on the floor of 
the left ventricle and the adjacent portion of the left side of the interventricular septum (not 
marked). The same method of analysis is employed as described for Fig. 111. Note that the 
chief effect of diaphragmatic iofarction is the upward displacement of the first portion of the 
loop from the plane of the normal loop. 


infarct may not be discernible. When the 
heart is in the position and rotation shown in 
Fig. 114e, the lateral wall infarct produces 
only two notable changes. These are an in- 
crease in the height and duration of R in 
III and a deepening and/or increase of 
the duration of Q in Vx.. If one has pre- 
vious tracings on the patient or if these 
changes are marked, they are diagnostic. It 
is necessary in this connection to consider the 
situation represented in Rg. 114/. Since 
hypertrophy of the left ventricle enlarges the 
loop anteriorly the eflect will be to increase 
the duration of Q in Vi,. This tracing may 
be indistinguishable from that of the lateral 
wall infarct or high anterolateral infarct 


(see Fig. 115). It frequently shows a Q in 
Lead 1 and this makes the distinction even 
more difficult (see Fig. 67e). 

Figure 116 shows electrocardiograms ob- 
tained from a patient whose heart position 
corresponds closely to that shown in 
Fig. 1146. 

DIAPHRAGMATIC MYOCARDIAL INFARCTION. 

Infarction of the diaphragmatic wail of the 
left ventricle is very frequently accompanied 
by infarction of the diaphragmatic portion 
of Uie interventricular septum. Figure 117 
depicts the effect of such an infarct upon the 
waves of excitation, the spatial QRS loop, and 
die limb leads of the electrocardiogram. In 
general the eilect upon the spatial QRS loop 
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ftefore ansf arttr rfic otveibpmnji' o / jit 
tion of the diaphragmatic wait of the left 
ventricle The limb leads before infarction 
(7-I2-S4) indicate that the heart is ap- 
proximately m the position and rotation shown 
in the diagram of Fig 1 17 The limb leads after 
infarction correspond closely to those shown for 
the infarct tracing of Fig 117 The precordial 
leads show no striking changes in the QRS 
complexes. 

IS to displace the first portion of the loop up- 
ward. The infarct spatial loop can be fash- 
ioned from the normal loop by folding the 
anterior half of the normal loop upward on 
the posterior half which is kept stationary. 
The frontal plane loop assumes a figure-of- 


eight form and becomes narrow. With the 
heart in the position shown in this basic dia- 
gram, the prominent changes are in Leads II, 
HI, and Vj. where the initial R is replaced by 
aQ. 

Precordial Leads. The precordial leads wifi 
generally show no characteristic QRS changes 
in the presence of a diaphragmatic infarction 
without anterior septal involvement. 

Figure US IS an illustrative set of electro- 
cardiograms from a patient with a diaphrag- 
matic Wall infarction whose heart is in ap- 
proximately the same position and rotation 
as that of the basic diagram. 

Effect of Variations in Rotation. Figure 1 19 
shows the normal and infarct loops in their 
proper relation to one another for various 
degrees of rotation on the three axes. Figure 
ll9a depicts the effect of diaphragmatic m* 
farction upon the QRS loop and limb leads 
when the rotation is slightly counterclock* 
wise. The Q m Lead I and in Vx, disappears 
and a wide Q appears in Lead III and V^. 
However, a larger area of Infarction would 
throw the initial portion of the loop stiil 
higher and result in a larger Q in Leads II 
and HI (Fig. 120). The same effect is pro* 
duced by making the position of the heart 
more horizontal. 

Figure 119^ depicts the effect of slight 
clockwise rotation upon the normal and in- 
farct loops. It will be noted that the initial 
portion (0 005 second through 0.04 second) 
of the QRS loop is displaced to the left, up- 
ward, and somewhat posteriorly as a result 
of the infarction. This is reflected m the limb 
leads by a deepening of the Q in Lead III 
with only slight increase in its duration The 
Q m Vp increases slightly in duration and 
amplitude. The initial R in Vr disappears, 
largely as a result of the septal involvement. 

Figure U9c depicts the effect of a slightly 
more vertical position with an increase in the 
degree of clockwise rotation over that shown 
m Fig 11 9h. In this position the normal fron- 
tal plane loop and the frontal plane loop for 
diaphragmatic infarction can almost be super- 
imposed. The leftward and posterior devia- 
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Fio. 119. a, b. c, d, and e depict the same cardiac positions and rotations depicted in Fig. 
114, only now the infarct is in the diaphragmatic wall of the left ventricle. / depicts a slightly 
more counterclockwise rotation than that shown in Fig. 1 17. 


tion of the 0.015-second portion of the loop 
increases the magnitude of its projection on 
the frontal plane and causes a small increase 
in the height of R in Lead I. If a normal spa- 


tial QRS loop in (his position (Fig. 119c) 
were subjected to a moderate degree of apex- 
back rotation it is apparent that the first half 
of the loop {0-0.04 second} would almost 
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coincide spatially with the corresponding por- 
tion of the infarct loop {Fig. ]J9c). Since 
such a normal loop would then have a similar 
shape and spatial orientation in Its first half 
as the infarct loop of Fig, 119c it is clear that 
no single lead or combination of leads could 
differentiate the two loops. 

In Fig. Il9d the QRS loop 1$ in the hori* 
zontal, apex-back, slightly clockwise position 
frequently seen in persons of the hypersthenic 
habitus and in pregnant women. Here the 
effect of a diaphragmatic wall infarction lends 



After 


to displace the first portion of the loop up- 
ward and a bit posteriorly, resulting in a 
slight decrease in the amplitude of R in Lead 
I, and an increase in depth and duration of 
Q in Leads U, III, and Vp. 

Careful study of Figs. I I9b, c, and d makes 
it possible to appreciate the magnitude of the 
difficulty which arises in attempting to dif- 
ferentiate the normal tracing from diaphrag- 
matic infarction tracings when a clockwise 
rotation Is present. Once again the importance 
of electrocardiograms before and after in- 
farction is emphasized. In a heart in the posi- 
tion shown in Fig. 119c a normal Q in Lead 
II! may not be greatly affected with the de- 
velopment of a diaphragmatic infarction; 
whereas in hearts in the position shown in 
Fig. 119A and d a normal Q becomes larger 
io Lead 111 and Vp with the development of 
a diaphragmatic infarction. It is demonstrated 
that a single unipolar lead (Vp) cannot be 
utilized to distinguish between the normal 
electrocardiogram and one with infarction. 
In a clockwise herizonfaJ position (Fig. 1 t9d) 
a normal Q of considerable depth may be 
present in Vf. 

In this connection it is important to point 
out that when diaphragmatic infarction occurs 
without involvement of the septum the first 
portion of the loop (nearly to 0.015 second) 
probably remains unaltered from the normal 

Fro. 120 The upper triangle {A) contains 
the normal loop in slightly counterclockwise 
rotation as shown m Fig. lI9o. The loop a is 
the same infarct loop shown in Fig. 119d. 
Loops b and c result from increasing progres- 
sivelf the size of a diaphragmatic infarct. The 
complexes of the three limb leads designated a, 
h, and c correspond to the similarly labeled 
loops The lower triangle (fi) contains the same 
group of spatial loops showing the effect of 
clockwise rotation of the heart It is to be noted 
that Qa may not become prominent (though it 
would with slightly less clockwise rotation) and 
that Ri may increase and Rm become much 
smaller; Qm becomes larger, as before. The 
accompanying electrocardiograms (before and 
after infarction) correspond to B-b. 

It h to be expected that with increasing area 
of infarction the infarct loop joins the normal 
loop depicted at a later time, as shown in the 
figure. 


Before 
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Fio. 121. QRS loops of a counterclockwise 
heart {A) and a clockwise heart {$). with 
identical diaphragmatic infarcts that do not in- 
volve the septum. The first portion of the loop 
(&-0 015 second) Is not affected because the 
septum and anterior walls are not infarcted. 
When the heart is rotated counterclockwise the 
R in Lead 111 is retained. When the heart b 
clockwise the R in Lead III b lost and a Q 
appears. C shows serial electrocardiograms in 
posterior infarction with retention of Rii and 
Riii. 


(Rg. 121). In counterclockwise hearts the 
R in Lead III and in Lead 11 would then be 
retained (Fig. I21c). However, when the 
heart is rotated clockwise the effect would be 
little different from that when the septum is 
involved, except possibly in the precordial 
leads. 

Figure 122/4 depicts a normal loop in an 
apex-back, counterclockwise position. A dia- 
phragmatic wall infarction in a heart with this 


position (see Fig. 119e) results in a QS de- 
flection in Lead III and Vj., a lowering of the 
R in Lead 11, and a disappearance of the nor- 
mal Q in V^. A septal infarct in a heart with 
this position will result in the same limb leads; 
however, Leads Vj, Vj, and V 3 frequently 
show changes in septal infarction. 

Figure 122 s depicts a horizontal, apex- 
back, counterclockwise-rotated normal loop 
with the first portion of the loop bent upward. 
This is one type of loop which may be seen 
with left ventricular hypertrophy and occa- 
sionally in normal persons (Fig. 122C). A QS 
complex is present in Lead HI and also in 
Lead V{>; they do not signify diaphragmatic 
infarction. Comparison of this loop with that 
of Fig. n9e demonstrates, once again, that 
the normal and infarction loops may differ 
only slightly from one another. 

Thus when the tracing shows a Qm (with 
or without a Qn) it may be impossible to 
determine whether an infarct is present or 
not. Frequently the accompanying injury 
changes (RS-T shifts) and T wave changes 
are relied upon to make the diagnosis. Since 
T^tt is commonly inverted when a large Qm 
Is normal only a deeply inverted Tm 
(preferably accompanied by inversion of Tji) 
is significant. Even this sign may be fallacious 
because a patient with a normal Qm may 
suffer a diaphragmatic ischemia (see Pig. 157, 
p. 183). When Ru and Rm are large Tjj and 
Till may be inverted when the rate is rapid 
or after food (Fig. 107S) and tracings show- 
ing these effects are almost indistinguishable 
from some of those which are due to infarc- 
tion (see Fig. 123). Serial observations dur- 
ing the attack is the only certain method of 
diagnosis in many cases. 

The esophageal lead is worse than useless 
and is mentioned only to be condemned. If 
the electrode lies opposite the valve opening 
it is bound to show a large Q wave in the 
norma] heart and since its position cannot be 
accurately determined, the lead is useless. 

Finally, it is important to point out that 
when left ventricular hypertrophy occurs and 
the heart remains in clockwise rotation about 
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Fio. 122. A, Normal spatial loop in the apex-back, semitrans* 
verse, slightly clockwise position. B, Same loop with the initial portion 
turned upward slightly. Such variations in the first portiort of the loop 
are not rate in the presence of left ventricular hypertrophy and oc- 
casionally may be seen in normal persons. The effect upon Lead HI 
of such variations is shown and the difilculty in distinguishing such 
tracings from certain infarction tracings (see Fig. H90 is apparent. 

The accompanying electrocardiogram is from a healthy tub;eet, 
and corresponds to diagram B. 


the anatomic axis (as in rheumatic mitral 
insufficiency but at times m oonvatvular dss* 
ease) a rather large and wide Q occurs in 
Lead II and HI. This, as shown in Fig. 
67e (p. 90), is due to the larger than 
normal lirst portion of the loop which occun 
in left ventricular hypertrophy. With the in- 
verted T waves which commonly follow the 
large R waves occurring in hypertrophy (if 
the gradient remains normal) the tracing is 
indistinguishable from that which may occur 
in diaphragmatic infarction. 

At times following diaphragmatic infarc- 
tion changes are noted in the last portion of 
the QRS complex. An R wave following the 
QS frequently appears in Lead III. One ex- 
planation offered for this phenomenon has 
been a delayed wave of excitation in an un- 
damaged layer of muscle overlying the cpicar- 
dial surface of the infarct. However, in some 
instances it seems clear that the phenomenon 
simply results from a change in cardiac por- 
tion and rotation. In some cases such an R 
wave following the Q is present before in- 
farction but disappears following it This may 
be due either to a change in rotation or to the 
infarct itself. 


XG-U,.4 

rf±fa':x.±£ 






map 


Figure 123 shows electrocardiograms ob- 
tained from a patient with a diaphragmatic 
infarction. The heart rotation is similar to 
that depicted in Fig. 119c. 

SEPTAL MYOCARDIAL INFARCTION. Figure 
124 depicts the effects of a septa! infarction 
upon the waves of excitation, the spatial QRS 
loop and the limb leads of the electrocardio- 
^am. Only the left portion of the septum is 
involved in the infarction, as is frequently 
found at postmortem examination. The elec- 
trical effect of such infarction is to leave the 
wave of excitation normally occuning in the 
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6-lS’SI 7-l'52 7-2-Sl 7-IS-S2 



Fio. 123. Series of tracings made on the same patient before 
during {7-1-52, 7-2-52), and after the development of what was un- 
doubtedly a diaphragmatic infarction. There was fever, leukocytosis, and 
sustained drop in blood pressure The tracing before and after infarction 
corresponds closely to the complexes shown for Fig. 119c. Note that except 
for a consistent, though not diagnostic, small increase in Qm there are no 
QRS changes. Comparison of 7-15-52 with Fig. 107B (normal with food 
effects) shows that a prolonged Q-T in Fig. 123 is the only important 
difference. 

right side of the septum unopposed. There and is massive, the first (0.005 second) vector 

is, therefore, a toss of vectors that contribute would be absent but by 0.015 second (he 

to the anterior and rightward direction of normal vectors would appear virtually un- 

the first portion of the normal spatial QRS changed for the reason that the effects of 

loop. Once again, however, the timing of (he activation of (he two sides of the septum tend 

loop is of fundamental importance. The first to counterbalance one another and if both 

portion of the loop points to the left. This are destroyed there is little net effect. Thus a 

results in a disappearance of the Q In Lead transmural infarction of the septum may have 

I and often also of the initial R in Lead IIL little discernible effect upon the QRS com- 

An electrocardiographic pattern of the type plexes (after the stage of injury has passed) 

described for septal infarction may be seen unless it causes A-V or bundle branch block 

in left ventricular hypertrophy or left bundle (Fig* 126) or it extends to the apex of the 

branch delay with or without infarction. The right ventricle. In the precordial leads the 

precordial leads (Fig. 125) show a QS com- effect of transmural infarction may also be 

plex in Vj through V 3 . less discernible than the effect of the left 

When transmural septal infarction occurs sided septal infarction depicted in Fig. 125. 




Fig. 124. Septal infarction, involvinjc lareel,v the left side of the se.plum: The effects shown 
are only partial if the infarct is patchy. If transmural infarction occurs the effects of the infarct 
may be considerably different from that shown here. 

It is to be noted that with the common type of septal infarct depicted here the first right- 
ward portion of the QRS loop b lost. Thb loss of the first portion of the normal QRS loop 
causes a disappearance ol the Qj and often of the Rm which normally occurs when the heart 
'is in the counterclockwbe rotation and semitransverse position shown in the figure. 

Since the peak of Ri is reached at about the same tune as in the normal the upstroke of Ri b 
slower than in the normal, occupying all of the lime normally used in inscribing the Q. At 
times the slur appears at the apex of Ri and also at the nadir of Sm for the same reason. 

The leads on the left are the normal; those on the right result from the infarction. 
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Fio. 125. The precordial leads in the common variety of septal infarction are depicted 
employing the solid angle approach. The initial and rapidly increasing negativity at the elec* 
trode at Vi is shown to result from the retreating wave in the right side of the interventricular 
septum and In (he left ventricle which is more than sufficient to overcome the positive effect 
of activation in the right ventricle. At V» the R wave is smaller for the same reason and may 
disappear or be notched, especially if the apex is back. At Vi (and V«) the disappearance of a 
small Q previously present is due to the same effects. 


In the latter the undestroyed right side of the 
septum has electrical effects that tend to neu- 
tralize the effects of the right apical myocar- 
dium on the electrodes at Vj, V 2 , and V,, but 
if both sides of the septum are destroyed tbe 
electrical ejects of the wave of excitation in 
the apex of the right ventricle will not be 
neutralized. Thus a transmural or partially 
transmural septal infarct may retain a small 
R in V„ V 2 . V 3 . 

It is important to note that such septal in- 
farctions (which commonly extend to the 
anterior wall of the left ventricle near the 
interventricular groove) produce electrocar- 
diograms that are indistinguishable from those 
of left ventricular hypertrophy with or with- 
out early bundle branch delay. In both condi- 


tions there occur similar spatial loops, similar 
deflections in the various limb leads and in 
the precordial leads. Vi, V 2 and V 3 may show 
QS deflections or very small R waves fol- 
lowed by deep S waves in both conditions. 
Finally, similar findings in the chest leads also 
occur in high anterior infarction, in right 
ventricular dilatation, and in chronic pulmo- 
nary disease. 

lugure 127 is an illustrative set of electro- 
cardiograms from a patient with a septal wall 
infarction whose heart is in the same elec- 
trocardiographic position and rotation as that 
of the basic diagrams. 

Efjectsof Variationsin Rotation. Figure 128 
demonstrates the normal and septal wall in- 
farct loops in their proper relation to one 



A B 



Fro 126 A is from a patient with severe 
chest pain and shock. B was made on the fol- 
lowing day. Fever and leuckocytosis were 
present Right bundle branch block present in 
A had disappeared when B was obtained. It was 
the only detectable electrocardiographic effect 
of a transmural septal infarct. 



Fig 127. Electrocardiograms before and 
after infarction (mainly septal) when the orig- 
inal tracing shows that the heart was m ap- 
proximately the same position and rotation 
depicted in Fig 124 Note the similarity of the 
lunb leads to those following diaphragmatic in- 
farction when the heart is in this rotation. The 
Q in Vi and low R waves in Vt. V$, and Vt 
correspond to the complexes derived for septal 
infarctKiR in Fig. 125. This infarct probably 
extends onto the anterior walk 
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another for various degrees of rotation on 
the three axes. The same positions of rotation 
have been utilized in Figs. 114 and 119, the 
corresponding diagrams for the previous areas 
of infarction. In the counterclockwise-rotated 
loop with septal infarction (Fig. 128a) the 
Q becomes smaller or more frequently dis- 
appears in Lead I and Vi. and the R in Lead 
III becomes smaller or may be replaced by 
a QS. fn the clockwise-rotated heart (Figs. 
It 128i and c) the effects of septal infarction 
may result in a disappearance of the Q in 
Lead III and Vp. In addition, the initial R 
may disappear in Vj, when the position de- 
picted in Fig. 128c is present. When septal 
infarction occurs in the chckmse, horizontal, 
apex-back position (Fig. 128rf), the Q may 
•q disappear in Vp and may become smaller or 
disappear in Lead III. In Fig. 128c. an apex- 
back, counterclockwise-rotated loop with 
septal infarction results in a lowering of the 
amplitude of the R in Lead II and Vp and 
the disappearance of the R in III and the Q 
in Vl. This is essentially the same frontal 
I plane loop as the one depicted for a diaphrag- 
matic infarction with the same heart position. 
A loop similar to that of Fig. 128c. except 
for clockwise rotation, is depicted in Fig, 
128/. It will be noted that the Q disappears 
in Lead III and Vp and the R becomes smaller 
in Lead I and V^,. 

Figure 129 shows illustrative electrocardio- 
grams obtained from a patient whose heart 
corresponds to Fig. 128^. 

None of the limb lead patterns mentioned 
above are strongly suggestive of myocardial 
infarction when seen on a single electrocardio- 
gram. However, when on serial electrocardio- 
ffipl grams the changes in QRS configuration 
described above occur in the limb leads, then 
myocardial infarction may be suggested. The 


Fio 129. Electrocardiograms before and 
after infarction on a patient whose heart is ap- 
proximately in the position and rotation de- 
picted in Fig 1286. The infarct extends to the 
anterior wall near the interventricular groove. 
The disappearance of Qj. as depicted m the 
theoretic diagram of Fig 1286, is noteworthy. 
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FiO. 130. The same method 1$ employed for analysis of the effect of apical infarction as 
shown for infarcts fn other iocatlons. Special attention is drawn to the timing of the infarct 
loop. The normal complexes are on the left, the infarct complexes are on the right. A larger 
infarct produces a more marked effect. 

conRrmatory evidence is usually found in the 
precordial leads (Fig. 125). 

APICAL MYOCARDIAL INFARCTION. Figure 
130 depicts the effect of an apical infarction 
upon the waves of excitation, the spatial 
QRS loop, and the limb leads of the electro- 
cardiogram when the heart is in the counter- 
clockwise rotation and semitransverse posi- 
tion. The first portion of the loop is shortened 
as a result of apical infarction, and is swung 
posteriorly. The frontal plane loop assumes 
a figure-of-eight configuration and is much 
narrower than the normal loop. The longer 
duration of the initial portion of the loop in- 
creases the duration of the Q in Lead I with 
slight if any increase in its depth. The short- 


ening of the 0.04-second vector results in a 
decrease in the amplitude of the R in Lead I. 
The directions of the vectors at 0.015 through 
0.025 second are such that there is a decrease 
in the R and the appearance of an early S wave 
in Lead II. The configuration and timing of the 
first portion of the apical infarction loop re- 
sults in a decrease in the amplitude and in- 
crease in the duration of the R In Lead III, 
and a narrowing of the S wave in Lead III. 

Precordial Leads. The precordial leads in 
the presence of an apical infarction are repre- 
sented in Fig. 131. The wave of excitation 
at 0.005 second and the corresponding initial 
portions of the QRS complexes are included 
although the solid angles for this stage arc 
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Pic 131. The precordial leads in apical infarction, using, as before, the solid angle method. 
The 0 020>aecond diagram for V> is drawn in three dimensions and while solid angles to all 
the waves of excitation are not drawn they can perhaps be visualized with the aid of the 
longitudinal diagram of the left ventricle below the figure. That the electrode faces a good 
deal of negative surface and little positive surface is evident. 


not drawn Visualization of the solid angles 
for the 0 015-second stage at the V5 position 
is very difficult. Inclusion of the mcomplcte 
septal waves of excitation in the diagram is 
necessary for discussion of the potential de< 
veloped at V3 at this time. The very approxi- 
mate method of analysis employed indicates 
that there are two opposing effects, the posi- 
tive solid angle to the wave of excitation in 
the apex of the right ventricle and the patchy 
wave of excitation on the right side of the 
septum opposing the negative solid angle to 
the less patchy wave of excitation on the left 


side of the septum. The latter is represented 
as producing the greater effect in the diagram 
because the wave of excitation on the left side 
of the septum is less patchy than that on the 
right side of that structure even though the 
negative solid angle, as drawn, is smaller 
than the positive solid angle. However, the 
right-sided effects may at times be the greater 
and the deflection at this stage may be posi- 
tive, though smaller than normal. Unless the 
interventricular septum is involved (see sepial 
infarction} these right-sided effects cause a 
retention of the initial R wave in Leads Vg 
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Fio. 132. An apical infarction with trans- 
mural involvement of the apex of the septum 
extending up the left side of the septum. An 
initial negative deflection occurs at V* because 
of the septal effects (as in septal infarction) but 
an R may not follow, especially if conduction to 
the apex of the right ventricle is slightly de- 
layed by the infarct or if the apex of the right 
ventricle is infarcted. If neither of these events 
occun an R may follow the Q. 

and V 3 (see diagrams for Vj in the figure) - 

If the apex of the septum and of the right 
ventricle are involved the net effect at 0.015 
second is seen to be an initial negative poten* 
tial (Q wave) in most of the precordial leads. 
If the infarct is not large the Q may be 
followed by an R in these leads (Fig. 132). 

At 0.02 second the diagrammatic repre* 
sentation 0 / Fig, 131 shows a secondary posi- 
tive deflection in which is due to the lateral 
extension of the infarct. This is not a com- 
mon finding with strictly anterior Infarcts. In 
V 3 reduction of the R wave is not difficult 
to visualize if one compares the diagram with 
the corresponding one for the normal (see 
Fig. 23, p. 33). The 0.02-second stage for 
V 3 is drawn in three dimensions and while 
solid angles are not drawn to all of the waves 
of excitation they can perhaps be visualized 
with the aid of the longitudinal diagram of 
the left ventricle shown in the lower part of 
the figure. That the electrode faces a great 
deal of negative surface and little positive 
surface is evident. This causes a deep nega- 
tive deflection in the QRS complexes at V 4 
and V 5 at this time. 

If an apical infarct is not large and does not 
extend as far laterally as is shown in the 
diagram of Fig. 131 but is confined to the 
region adjacent to the interventricular groove 



Fig. 133. Normal elec- 
trocardiogram with Q 
waves io Vi. V*, and V*. 


and does not involve the septum the 0.015- 
second stage would be as shown in the dia- 
gram. However, at 0.02 second the waves of 
excitation depicted for the normal would be 
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Fig. 134. Electrocardiograms before and after infarction 
of the apical portion of the kft ventricle of a patient whose 
heart was ia approximately the position and rotation as Fig. 
130. The infarct extends a bit more into the lateral wall than 
shown in Fig 130, causing the loop to shorten more. The close 
correspondence of both the limb leads and the p'ccordial leads 
to those shown m Figs. 130 and 131 is evident. 


little affected by the infarct because the area 
infarcted is normally so quickly penetrated 
by the wave of excitation. The waves of 
excitation at 0.02S second and all succeeding 
stages would not be affected at all. Therefore, 
it is theoretically possible for an apical infarct 


that is confined to the region adjacent to the 
interventricular groove to produce liltfe or 
no detectable change in the QRS complexes 
of the precordial leads. If such an infarct 
extends into the apex of the septum and in- 
volves or delays conduction into the apex 
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of the right ventricle a very small Q wave 
may appear in precordial leads Vj, V 3 , and 
V 4 . Unfortunately such a small Q may at 
times be seen in the normal (Fig. 133). If 
the usual septal infarction is combined with 
such an infarct we have the very common 
“anteroseptal” infarct producing electrocardio- 
graphic changes that are due largely to the 
septal involvement (see septal infarction). It 
is important to note that without the more 
extensive septal involvement apical infarctions 
confined to the region adjacent to the inter- 
ventricular groove also produce little changes 
in the QRS complexes of the limb leads, and 
may therefore be “silent” in the electrocardio- 
gram. This has been verified at autopsy. 

If an infarct in the apical region is not very 
large one may find no diagnostic Q waves 
in the precor^al leads but the R waves may 
be reduced sufficiently to arouse suspicion of 
the presence of infarction. If the R wave in 
Vo is large the tracing is like that of left 
ventricular hypertrophy. If it is not the trac- 
ing may be indistinguishable from that of 
chronic pulmonary disease. At times such a 
tracing may be due to high anterior infarction 
and this may be detected by exploring the 
chest at a higher level. Not infrequently a 
patchy infarct of fairly extensive distribution 
produces the same type of tracing. 

Figure 134 is an illustrative set of electro- 
cardiograms from a patient with an apical 
wall infarction whose heart is in the same 
position and rotation as that of the basic dia- 
gram. Figure 135 is another. 

Figure 136 shows the normal and infarct 
loops in their proper relation to one another 
for various degrees of rotation on the three 
axes. With the loop counterclockwise (Fig. 
136a) there is an increase in the duration 
of the Q in Lead I, II, and V^. With the loop 
clockwise (Fig. 1366) there is an increase 
in the duration of the Q in Leads II, III, and 
Vp., and a small H- or W-shaped QRS con- 
figuration in Lead I. With the apex-back, in- 
termediate, counterclockwise heart porition 
(Fig. 136e) a W-shaped complex appears in 
Lead 1 and the normal Q in Vq is markedly 





Fro. 135. JLeft, before, and right, after 
apical infarction that does not extend to lateral 
wall of the left ventricle to as great an extent 
as depicted in Fig. 134. QRS changes tn the 
limb leads are minor but the appearance of Qi 
which was not present before is significant. 


decreased in amplitude. Figure 137 shows 
electrocardiograms before and after infarction 
which correspond to Fig. 136e. 

High Anterior Infarction. All of the in- 
farcts presented thus far, except the diaphrag- 
matic, have been orientated so that the infarct 






Fio. ]36. The QRS loop In apical infarction. The positions and rotations are the same as 
those which were employed for other areas of infarction, wuh the exception of /, where the 
position and rotation is identical with that of e but an apkal and diaphrasmatic infarct is 
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Fia. 137. Electrocardiograrru be- 
fore (left) and after (right) apical in- 
farction from a patient whose heart 
was in approximately the position and 
rotation depicted in Fig. 136e. Note 
the close correspondence of the QRS 
complexes to those depicted in Fig. 

136e. The small R waves in the pre- 
cordial leads are of the same signifi- 
cance as Q deflections when the left 
ventricle is hypertrophied (as here) 
and the infarct is patchy. At times 
they result from a low placement of 
the electrodes. 

vector lies in the plane of the QRS loop. It 
is important to point out that infarction occurs 
high in the anterior wall of the left ventricle 
as well as in combined locations. An infarct 
in the high anterior lateral area A of Fig. 140 


(but extending laterally) is depicted in the 
series of diagrams shown in Fig. 138. The 
effect is similar to (hat of the lateral wall 
infarct shown in Fig. Ill except that the 
infarct loop deviates downward and backward 
from the plane of the normal loop. The loop 
cannot be drawn on the basic diagram but 
is presented as the loop of Fig. 140, @. 
These infarcts may be missed on the pre- 
cordial leads unless the electrodes are placed 
at a level higher than (hat usually employed 
(Fig. 139). Actually such an infarct may be 
suspected from the limb leads if one thinks 
in terms of the loop and if (he R waves in the 
precordial leads, Vj, V*. V 3 , and V 4 , are 
small. If (hey are small in Vs and V,; the 
suspicion of infarction should be very strong. 
If only V,, Vo, Vg, and V 4 have small R 
waves the tracing may be indistinguishable 
from that of left ventricular hypertrophy 
without infarction (as described for apical 
infarction). Precordial leads made one inter- 
space higher may reveal infarction (see Fig. 
139). However, it should be remembered 
that if the tiectrode is earned too high toward 
the left upper chest the precordial electro- 
cardiogram approaches that of the left 
shoulder (Vl) and since this lead may nor- 
mally show a deep Q (vertical hearts and 
vertical apex-back hearts) errors will be made 
because of empirical interpretation of such 
high precordial leads. The same principle ap- 
plies to inverted T waves. 

Figure 139 shows illustrative electrocardio- 
grams obtained from a patient whose heart 
position corresponds closely to Fig. 138. 

INFARCTS IN COMBINED LOCATIONS. The 
majonty of infarcts are not confined to the 
distributions presented in the preceding basic 
diagrams but are found In combinations of 
such locations. Figure 140 is a diagram of 
the ventricles showing various common areas 
of infarction. A, B, C, D, E, and F. The 
numbered loops ©-© show the normal and 
infarct loops for infarction in combinations 
of these areas. For the most part each area 
has its effect. However, the presence of septal 
infarction does not always have the same 




Fig. 138. High anierolateral infarction. The vector loop ts not drawn because of technical 
difficulty. The loop begins normally ( 0 ) but at 002 second the presence of the infarct causes 
the vector to point downward and somewhat to the light This prolongs the Q in Lead I and 
the R m Lead III. The latter is also made to be higher than it was before infarction At 0 025 
second the resultant vector is directed largely downward and somewhat to the left It may 
also be pointing somewhat backward at this time The upstroke of Ri is beginning (tale) and 
Rill is stiii being inscribed at a time when normalfy (he Sm has begun At second (he 
resultant vector Is shorter than the normal vector of (he same timing but the downward effect 
of the infarct upon its direction is much less than in previous stages because of the spatial 
orientation of the defect. 
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Fic. 139. High anierobteral infarction with no Q waves 
in conventional precordial leads. One interspace higher, 
wide Q waves are encountered. All the leads shown were 
made at the same sitting. The Q in 1 and the wide R in 111 
followed by an S are diagnostic. 


simple effect, for the infarct may be largely 
leftsided, or transmural. 

A study of the various loops of Fig. 140 
shows how infarction in Various combined 
locations may result in frontal plane loops 
and therefore limb leads that are quite similar, 
even in timing, to loops produced by infarc- 
tion in other locations. Compare Fig. 140, ® 
and Rg. 140, ®. The spatial loops are, as 
indicated, different since the early ascending 


limb of the loop ® dips down and backward; 
yet the frontal plane projections of the two 
loops are indistinguishable. 

Fi^re I40a represents the loops before 
and after infarction in a patient whose trans- 
verse, apex-back, counterclockwise heart sus- 
tained an infarction in areas A, and B. 
The electrocardiograms are shown in Fig. 141. 

Figure 1406 represents the loop before and 
after infarction in the septum (F), anterior 





Fig. 140. Cutaway drawing of ventrKles showing common locations of infarcts 
The numbered diagrams arc for infarction in the area or areas designated by the 
accompanying letters All represent counterclockwise semitransverse rotation of 
the heart as indicated by the normal loops of tbe diagrams ll the reader will 
attach a piece of wire to the model of the normal spatial loop and bend it into the 
shape and orientation of the infarct loop desired he can study the effect of 
changing the anatomic axis and of rotating the heart about the anatomic axis 
<7. b, and c represent the normal loop and infarct loops for the cases whose 
tracings are seen in Figs 141, 142, and 143 mpectively. 
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Fig. 142. Electrocardiograms made 
before and after infarction of the septum 
(F of Fig 140). the anterior (B), and 
high anterior portions of the wall of the 
left ventnclc. See diagram b ol Fig. UO. 

(B), and high anterior {A) portion of the 
left ventricle. The electrocardiograms arc 
shown in Fig. 142. 

Figure I40c represents the loops before and 
after infarction in a patient whose counter- 


clockwise hypertrophied heart sustained an 
infarction in the areas F, B, and C. The 
anterior wall was infarcted (B) and the in- 
farct extended into area C (the diaphragmatic 
wall) and also involved the septum. The 
electrocardiograms are shown in Fig. 143. 

ft ft evident, when one infarction is fol- 
lowed by another, that the combined effect of 
the two produces the net result. The effect 
upon the spatial QRS loop is easily analyzed 
as depicted in Fig. 140. However, the effect 
upon the precordial leads is, at times, not a 
simple matter. With an infarct that involves 
the diaphragmatic and apical portion of the 
left ventricle the limb leads frequently show 
the deep Qjh and Q„ typical of diaphragmatic 
infarction and the precordial leads show the 
typical findings of the apical or anterior 
portion of the infarct. These two areas of 
infarction, although they are frequently called 
“posterior" and "anferiof” respectively, do 
not necessarily oppose one anoth$r electri- 
cally. At other times, however, the electrical 
effects of one area of infarction may be 
opposed by those of another. This is best seen 
when a second Infarction occurs (Fig. 144), 
This patient first suffered an anterior infarc- 
tion (11-22-52) and some time later had a 
large diaphragmatic wall infarction which 
more than counterbalanced the effect of the 
apical infarction on the left precordial leads. 

VARIATIONS IN INJURY PHENOMENA WITH 
AND WITHOUT INFARCTION. The foregoing de- 
scription of myocardial infarction employs 
the simplest possible concept of the injured 
state and the simplest possible presentation 
of the QRS effects and residual T wave effects. 
Considerable experience with the electro- 
cardiogram in injury and in myocardial in- 
farction makes it clear that some additional 
discussion IS necessary. 

It seems clear that most injury that later 
confirms its location by becoming infarcted 
may he represented as shown in Chapter 6. 
The limb leads and the precordial leads show 
RS-T shifts that correlate well with the con- 
cept of mainly epicardial injury depicted in 
the simple diagrams of Figs. 48 and 50. 
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(Chapter 6), and with the representation 
shown in Fig. 54 for lateral wall injury and 
in Fig. 55 for diaphragmatic wall injury. 
However, in some cases the effect of injury 
may be more marked at the endocardial sur- 
face of an area that soon undergoes Irans- 
murai infarction. In such cases the RS-T 
shifts are opposite in direction to those that 
commonly precede infarction in this area 
(see Fig. 53). Again, it is quite common for 
persons with angina to exhibit electrocardio- 
graphic findings during attacks (and some- 
times between attacks) which suggest 
endocardial ischemia, and yet, when they 
subsequently suffer infarctions, the electrical 
effects are typical of epicardial injury. 

It appears that the injured state in any celt 
and even in a large area is reversible. It must 
also be true that commonly the injury is trans- 
mural and (he external electrical effects de- 
pend upon which surface is most injured. 

The reversibility of the Injured slate 
make It possible for the electrical effects to 
become completely reversed within a short 
period of time or to show complete recovery 
from the injured state. This concept is de- 
picted in Figs. 145 and 146. Figure 145 
represents the injured area in the resting 
state; the dipoles are those which account for 
the current of injury. According to the con- 
ventional theory described in Chapter 6 the 
number of dipoles per unit area on any border 
of an injured area varies inversely with the 
degree of injury of the cells at that border. 
Since the two borders x and y are continuous 
with normal muscle they carry the normal dis- 
tribution of dipoles. 

Figure 145n represents an area of early 
injury following the conventional description; 
the endocardial surface is relatively unuijured. 
The RS-T shift recorded at the electrode P 
is upward. If the injury becomes more severe 


Fig. 143. Electrocardiograms made before 
and after infarction of the diaphragmatic (area 
C of Fig. 140), the anterior (5), and septal 
(F) portion of the walls of the left ventricle. 
Diagram c of Fig. 140 was drawn for this set 
of tracings. 







Fio, 145. Variations in injury phenomeRa. (a). Classical representation of myocardial 
injury due to coronary occlusion. The dipoles at the epicardial surface are fewer in number 
because here the surface is injured. The borders x and y and the border near the endocardial 
surface are bounded by normal muscle so that here the normal number of dipoles is present. 

(b) . Here the periphery of the injured zone has improved except at the epicardial surface. 
This peripheral zone is now ischemic (Fig 54). and the ischemia is greatest in the area 
which was most injured (near the epicardial surface). The vectors of the drawing represent the 
predominant repolarization potentials and correspond to the ischemic vector Is of the funda- 
mental diagram (Fig. 54). 

In both (a) and (b) the RS-T shifts depicted in the leads drawn are those expected if we 
apply solid angle analysis to the epicardial marpns of the injured zone. Each solid angle 
represents two solid angles of identical geometic size, one positive and one negative (e.g., at 
the electrode P the positive solid angle derives from the epicardial surface of the injured zone, 
the negative solid angle from the continuous border represented by x, the endocardial 
border of the injured zone, and y). Since the latter have more dipoles per unit area the 
negative solid angle is the more effective and the resting potential at P is negative; therefore 
the RS-T shift is upward. At P^ the <^>posile is true. 

In (i) the ischemic vectors produce inverted T waves following the RS-T shifts. 

(c) . Classical representation of infarction with Q waves or very small R waves and inverted 
T waves. 

(d) . Classical representation of ‘'endocardial'* injury sparing the epicardial layers. 

(e) . Classical representation of “endocardial** injury and peripheral margin of ischemia. 

The same methods of analysis are applied to d and e Uiat were employed for a and b. 



'V — 




Fio !46. ti. Concept of Iransmural injury 
involving both the endocardial and cpicardtal 
surface but the latter to a greater degree. The 
effect upon electrodes at P and £ is rather 
obvious, differing little from that seen in Fig 
I45fl. 

The effect upon an electrode at C (intrs' 
cavity) requires proper weighting of geometric 
solid angles to x, y, the epicardial surface, and 


the endoeard/al surface. The net rn/ury effect 
here is depicted as negative (so that the shift Is 
upward) largely because of the powerful nega- 
tive effects of borden x and y. which are great 
enough to overcome the positive effects of the 
endocardial surface of the injured zone The 
weak effects upon this electrode of the epi- 
cardial injury currents ate also negative. How- 
ever. the relative degree of injury of the endo- 
urdiat and epicardial surfaces, the short circuit- 
ing effect of the blood, and the shape of the 
injured zone are all variable factors which affect 
the net injury potentials. The author does not 
subscribe to the notion that in/ured or infarcled 
zones confine themselves to the regular or ir- 
regular nedge-shaped designs depicted in the 
figures. He employs them only for sake of 
simplicity of description. 

The distant electrode B (on the back) is 
represented as recording an injury potential 
opposite in direction to that recorded at C 
simply because the distance causes the geometric 
solid angles to x and y to dimmish greatly in 
relation to the geomelric solid angle to the 
endocardial surface of the injured zone. Here 
again a slight difference in the shape of the 
injured zone would have a marked effect. 

S, Transmural injury greater at the endo- 
cardial surface than at the epicardial surface. 

C. Transmural lajufy with endocardial and 
epicardial surfaces equally involved Note that 
virtually all of the effects are exerted by 
borers X and y. Here also the shape of the 
injured zone would make some difference. 



CORONARY DISEASE 


171 



Fio. 147. Endocardial infarction is repre- 
sented by the stippled area, a, b, e, d, and e are 
successive waves of excitation. The dashed lines 
embrace solid angles to the same wave of 
excitation c before and after infarction. The 
portion of the solid angle destroyed by the in- 
farct is stippled Applying tbis same method to 
all of the waves of excitation leads to the result 
that the R wave at P would begin a bit later 
and possibly its ascent would be a bit slower 
but this would be difficult to detect in precordial 
leads made with present-day equipment. 

Similarly, a thin layer of epkardial infarction 
might produce only a quicker downstroke of the 
R and an intramural infarct might produce a 
notch. 

the situation may change rapidly to that 
represented by Fig. 146ft in which the entire 
thickness of the ventricular wall is more in- 
jured than before but the endocardial surface 
has suffered the most. The RS-T shift is now 
downward. 

Let us now suppose that the injury remains 
more severe at the endocardial surface but 
recovery occurs at the periphery so that the 
areas bordering the now smaller area of in- 
jured muscle are ischemic and that this 
ischemia is more severe near the endocardial 
surface than at the epicardial surface (as one 
might expect under the circumstances de- 
scribed). This state of affairs is depicted in 
Fig. 145e. The RS-T shift is now downward 
and the T wave (resulting from the bordering 
areas of ischemic muscle) is large and up- 
right. 

If, starting with the state of affairs depicted 


in Hg. 146ft, recovery occurs more rapidly 
at the endocardial surface the situation de- 
picted in Figs. i46a or in 145ft may result. 
Here we again have an upward direction for 
the RS-T shift and in Fig. 145ft an in- 
verted T wave. Most commonly the situation 
depicted in Figs. 145a or I46a changes to 
the one shown in Fig. 145ft. However, con- 
sidering the reversibility of the injured state 
it should not be surprising to find that con- 
ditions of injury and ischemia have changed 
rapidly from those represented in any of the 
diagrams of Figs. 145 and 146 to those rep- 
resented in any of the other diagrams of those 
figures. Furthermore, any of the conditions 
represented may also change rapidly to one 
of apparent complete recovery on the one 
band or to infarction (Fjgs, 145c and 147) 
on the other. 

Figure 146c represents a segment of trans- 
mural injury in which both endocardial and 
epicardtal surfaces are equally affected. The 
effect of the x and y borders as well as of the 
endocardial and epicardial border are analyzed 
by the solid angle method. It is seen that the 
precordiai leads over the surface of the in- 
jured zone would show an upward shift of 
the RST segment while an electrode of! the 
margin of the injured zone would show a 
depression of the RS-T segment. 

Figure 147 is a diagrammatic representation 
of an area of endocardia] infarction with a 
neighboring zone of endocardial ischemia. 
Since the epicardial layers of muscle are not 
infarcted their depolarization produces QRS 
effects which are recorded at the precordial 
electrode as an R wave. The precordial lead, 
therefore, shows only the T wave changes due 
to the bordering area of ischemia. The ques- 
tion regarding the production of recognizable 
QRS changes (in any lead) by infarction of 
the endocardial layers of muscle is not yet 
compfetely settled. If the endocardial layers 
of muscle normally produce no recognizable 
electrocardiographic effects (Prinzmetal) — 
due possibly to penetration of the Purkinje 
network through a considerable portion of 
the ffiickness of the ventricular wall — then 



3-9-SS 3'14-S5 3-16^55 3-l8'SS 4-1-S5 



Fio. 148. Rapid appearance and disappearance of injury effects 3-9~55, Electrocardiogram 
made just before onset of series of chest pains 3-J4-S5, EJeetroeardiogram made after chest 
pains lasting several hours Note injury shifts, especially in iitnh leads. S~J6-55, Injury changes 
disappearing: effects of ischemia arc evident Tn and Tm are invened and the Q-T is long 
(aVr IS mounted upside down). 3-18-55, With another attack of pain injury changes recur. 
4-1-55, Injury changes have disappeared; some ischemic changes remain. These disappeared 
within a few weeks. 

No fever and no leukocytosis occurred The sedimentation rate remained normal. 
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Z-S-SS 9'-!0-S4 ’ 2-a~S5A.M. Z-SS'S '2-9-55 P.M. 3-I-S5 



Fig. 149. Appearance, subsidence, and reappearance of injury followed by infarction. 
Patient had had previous difficulty. On 2-3-55 Aht severe pain m chest occurred. By that 
aftentoon [2-8-55 PM) the injury effects had largely disappeared On 2-9-55 PM another 
pain in the chest occurred which was no more severe nor more prolonged than that on the pre* 
vious day. Injury effects reappeared together with QRS signs of diaphragmatic infarction. 

infarction of this layer produces no QRS Figure 148 shows a scries of tracings on a 
changes. On the other hand, what prevails in patient who was hospitalized because of a 

the dog may not prevail in man and the series of rapidly repeated pains in the chest, 

difficulty in recognizing endocardial infarction The rapid appearance and disappearance of 

may reside in the fact that, as described above, the injury effects illustrate their reversibility, 

the QRS changes are necessarily so small as No fever, no leukocytosis, and no change in 

to be difficult of discernment under any cir- sedimentation rate occurred, 

cumstances. They are “covered up” by the Figure 149 shows a series of tracings on a 
overlying umnfarcted layers of muscle. patient who had had one coronary event 

It may be well here to present a few cases [5-7-48) . Seven years later he had severe 

that illustrate some of the phenomena de- pain in the chest with injury effects in the 

scribed in the above discussion: electrocardiogram [2-8-55 A.M.) followed 
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FiO 150. Endocardial injury followed by 
infarction The first tracing was made during 
severe chest pain. The large downward shifu 
of the RS-T segments indicate predommanlly 
anterior subendocardial injury. The second trac- 
ing made 24 hours later indicates that the leswn 
bad progressed to transmural anterior uifarction. 

by rapid recovery. Twenty-four hours later 
the injury eflects again occurred following 
another severe pain no greater nor of longer 
duration than that of 2-8-5S. This time, how- 
ever, infarction followed (2-9-55 PM., 3-1- 
55). 

Figure 150 shows tvro tracings made 
twenty-four hours apart following severe 
chest pain. The first is typical of endocardial 


injuty and ischemia (or possibly endocardial 
infarction has already begun). The second 
tracing shows the typical findings that occur 
in transmural infarction. Figure 151 shows 
a siniilar tracing followed rapidly by death. 
Autopsy showed extensive infarction, chiefly 
of the endocardial layers of muscle. 

In some instances a pain in the chest may 
occur, with an abnormal injury tracing ap- 
pearing only after normal tracings have been 
recorded over a period of several days. This 
is probably due to the fact that in the earlier 
period the injury is entirely intramural and 
fails to reach the surface. Under these cir- 
cumstances it can produce no external elec- 
trical elTects unless it interferes with conduc- 
tion. When the injury finally extends to the 
surface it produces effects. It is also neces- 
sary to consider the possibility that injury 
occurs that never reaches the surface and that 
may then go undetected. It is probable that 
in some cases the injury does not reach the 
surface for a period of time but a surround- 
ing area of ischemia does extend to the sur- 
face and produces ischemic T waves. Evidence 
of infarction may appear in the following 
tracing (Fig. 152). "nie injury changes were 
missed because tracings were not made at 
sufficiently frequent intervals. 

It seems apparent that reversible injury 
may actually be so severe that the affected 
area of muscle remains depolarized to such 
a degree that no appreciable QRS effects arc 
derived from that area for several days. It is 
otfeRrMivt ta dsa rapid re- 

version to normal of QRS changes character- 
isUc of infarction that are seen in some 
cases. 

In some cases, notably in persons with 
ventneutar aneurysms (but not exclusively), 
the injured state seems to remain as a chronic 
condition (Figs. 153fl and b). This phenom- 
enon may be mimicked by the effects of 
digitahs and of hypertrophy of the left 
ventricle. 

On occasion the injury shift has less the 
appearance of an RS-T shift than that of a 
prominent T wave (Fig. 154, 4-20-55). Again 
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at times it is impossible to distinguish the 
effects of digitalis from injury effects (Fig. 
1S5). It may also be difficult to distinguish 
tnjuiy shifts from RS-T shifts due to left 
ventricular hypertrophy, and to left bundle 
branch block. These and pericarditis will be 
discussed later. 

In the evaluation of injury shifts it is im- 
portant to realize that nonpathologic shifts 
tend to be proportionate to the magnitude of 
the QRS deflection and of opposite direction 
in most leads (with some exceptions). Thus 
when even a small RS-T shift occurs follow- 
ing a small QRS deflection it is a matter of 
more importance than when a similar shift 
follows a large QRS deflection. 

When ventricular premature beats occur in 
injury tracings the injury shift tends to be 
the same for the premature beats as m the 
sinus beats except when a large R or S 
deflection (in terms of area) occurs in the 
premature beat in such a direction that the 
RS-T shift associated with it opposes or en- 
hances the injury shift (Fig. 156). 

T WAVE CH.4N0ES FOLLOWING INFARCTION. 

As described in Chapter 6, when myocardial 
infarction occurs following injury the disap- 
pearance of the injury shifts is generally 
accompanied by the appearance of QRS 
changes and T wave changes (see Fig. 54, p. 
75). The T wave changes that occur in 


Fio. 151. Tracing made during severe chest 
pain showing marked downward shifts of the 
RS-T segment in almost all leads, characteristic 
of diffuse subendocardial injury. See theoreti- 
cal diagrams of Figs. 53 and 146i>. Death 
followed shortly. Autopsy revealed that ‘'the 
anterior, lateral and posterior walls of the 
left ventricle show a light and dark red mottling 
through the thinner portions of the epicardium. 
The left ventricle is 12 to 13 mm. in thickness. 
The anterior, lateral, and posterior walls of the 
left ventricle and the left half of the inter- 
ventricular septum show complete infarction as 
exhibited by softening and a red moltUng with 
slight roughening of the underlying endo- 
cardmm. The only portion of the ventricle ex- 
cluded from the infarction are the upper or 
basal 1 cm. on the posterior wall and the upper 
or basal 5 cm. on the anterior wall. The infarc- 
tion extends up the interventricular septum to 
within 2 cm. of the atrio-ventricular junctmiu" 
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infarction are largely due to ischemia in the 
region surrounding the infarcted muscle. The 
ischemic zone may be at the margins of the 
infarcted area or the ischemic effects may 
result from the relatively greater recovery of 
the endocardial layer of muscle subjacent to 
the infarct and lesser recovery of a layer of 
muscle overlying the cpicardial surface of 
the infarct. Both sources of ischemic T wave 
effects may be present. 

Following infarction the T wave changes 
may persist or may disappear within several 
weeks or months. They are commonly not 
evident after one year. When this occurs it 
may be difficult or Impossible to recognize 
the tracing as abnormal, for the QRS changes 
(which are more persistent) may not be suffi- 
ciently characteristic. As has been described 
in detail, the recognition of infarction from 
QRS changes alone is not infrequently very 
difficult or Impossible. This is most commonly 
true of diaphragmatic infarction (q.v.). Figure 
157 Is a series of tracings from such a patient. 
Of course, the diagnosis of infarction should 
not be based upon T wave changes alone. 
While it is common practice to regard the T 
wave changes as additional presumptive evi- 
dence of infarction when the QRS complexes 
are compatible, this practice may lead to 
error. TTie tracings of Fig. 157, l‘26-5l show 
changes typical of diaphragmatic infarction. 
However, the previous tracings show that the 
QRS changes were present long before the 
attack occurred. Furthermore, there was no 
fever, leukocytosis, or other clinical evidence 
of infarction and the attack undoubtedly was 
an episode of ischemia. The writer has no 
way of knowing whether an infarction had 
occurred prior to the time the patient came 
under his observation. Obviously ischemic T 
waves can occur in other types of tracings 
that are indistinguishable from those of In- 
farction (left ventricular hypertrophy), and 
may lead to the same error. 

It is well to point out that if an infarct is 
large recovery of all of the ischemic muscle 
may leave the T wave axis in an abnormal 
direction because a large area of ventricular 


wall which has undergone Iransmural in- 
farction cannot produce T effects. The absence 
of T effects from a large area should alter the 
direction of the T axis in the same way that 
the absence of the depolarization effects alters 
the QRS loop and deflections. This may fur- 
nish part of the explanation of the permanence 
of the T wave changes in some cases, though 
the problem is complex. 

Furthermore, it should be pointed out that 
the disappearance of the T wave changes 
following infarction (especially of the dia- 
phragmatic wall) does not necessarily mean 
that the T wave axis has returned to the 
normal magnitude and direction for that 
patient. If a pre-infarction tracing is not avail- 
able It is impossible to ascertain what the 
precise magnitude and direction of the normal 
T axis was. Thus it is important to recognize 
that when we state that the T wave changes 
following infarction have "disappeared” we 
simply mean that they are no longer recog- 
nizable as such. On the other hand, if a pre- 
infarction tracing is available one has some 
basis for comparison. However, here it is 
necessary to exercise caution, for, especially 
in diaphragmatic infarction, — which, except 
in the acute stage is unrecognizable from 
the precordial leads — the T axis as projected 
upon the frontal plane may return to that 
which prevailed prior to infarction, and yet 
the spaiiat T axis is different. Figure 158 is 
a series of tracings made on the same patient 
before, dunng. and following the development 
of a diaphragmatic infarction which did not 
involve the interventricular septum in an 
important manner, so that Rm was retained. 
The occurrence of an infarct in this location 
in a counterclockwise heart is accompanied 
by the change in the spatial QRS loop shown 
in Fig. 159. The tracing dated 10-17-52, 
showing the T waves much as they were be- 
fore infarction, may have been produced by 
a T vector V (Fig. 159a), which has the 
same direction as that of the previously nor- 
mal T vector as projected upon the frontal 
plane, but which spatially has a more forward 
direction due to absence of normal “posterior” 
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Fio. 153. Persistence of RS-T shifts after anterior and diaphrapnalic (.right) infarc- 
tion In the latter case the RS-T elevations seen on l0~}0-i4 were persisting S months following 
the infarction. Note inverted U wave in tracings of I0-IS-S4 early m the attack. 


wall efTects or to the presence of ischemic 
“posterior” wall effects. Figure I59i and e 
show the effect of change to less and less 
counterclockwise rotations. It is seen that 
whereas vector 7 does not change in its pro- 
jection upon the frontal plane, T changes 
very rapidly so that an inversion of T,„ 
occurs with even a slight change in rotation 
and therefore, slight changes in the QRS 
complexes (Fig. 159i}. Examination of the 
tracing dated 10-I7-S2 shows that it cor- 
responds well to the diagram of Fig. I59a 
(T')i“ and examination of the tracing dated 
4-24~53 shows that it corresponds just as 
closely to the diagram of Fig. 159c. Actually 
• Actually T* as drawn would produce a 
sbghtly negative T in Lead 111. If the figure 
were rotated a bit more counterclockwise T and 
7 would be superimposed and the Tm resulting 
from vector T’ would be positive. The figure 
is drawn as it is because the author found it 
impossible to make a clear drawing showing 
the two 7 vectors exactly superimposed. 


no events occurred since the original infarc- 
tion; the tracings were made for the purpose 
of observation. It is not necessary to con- 
clude that the changes occurring in the series 
of electrocardiograms are of pathologic sig- 
nificance since, as has been shown, they may 
be explained by moderate changes in heart 
position. 

It is because of the importance of the 
spatial direction of electrical effects, as ex- 
emplified above, that some have attempted to 
record the spatial vector QRS and T quantities 
with the cathode ray oscilloscope. Others have 
employed various methods of "calculating” 
the spatial direction and magnitude of these 
vector quantities and of the ventricular grad- 
ient In the writer's opinion (which will be 
developed further later) no method employed 
thus far has been nearly as accurate as the 
inferences of the spatial directions and 
magnitudes that arc drawn from an analysis 
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Fio. 154 The lar^e T waves in Leads II and III are 
revealed as injury effects by the appearance of changes 
suggesting diaphragmatic infarction during the next few 
days. 


of the frontal plane phenomena on the basis 
of the model loop and the physiologic ap- 
proach which comprise this presentation. 

The phenomena observed in the series of 
tracings of Fig. 158 and illustrated by the 
diagram of Fig. 159 suggest that it may at 
times be possible to detect abnormalities by 
making observations with different cardiac 
rotations. This may be accomplished by having 


the patient lake a deep breath. However, the 
approach would differ from the empirical 
method which has been employed heretofore. 
The empirical notion that an infarction Q 
wave will not disappear as readily as a normal 
Q wave when a deep breath is taken is 
quickly discarded even after a very small 
experience. It is, however, possible as shown 
IQ the senes of tracings of Fig. 158 that a 



Fia. 155. Injury effects having appeanaccoMigHa^tscbaa^. The 
first tracing was a previous tracing showing left ventncular hyper- 
trophy. The second tracing was made on a subsequent admission to 
the hospital after vague chest pain. The RS-T shifts in the pre- 
cordial leads are not unlike those due to di^ialis. However, a tracing 
made on the following day indicated that these changes were due to 
diaphragmatic injury. 


LI 1 I'l, 



Fig 136 Ventricular premature beats and miury shifts 1-16-55, Acute injury 
stage of an apical and posterolateral infarction. In the ventricular premature beats in 
which a large wide R or S wave occurs the RS-T shift expected to follow a wide 
R or S has its effect just as it does m bundle branch block. Thus the RS-T shift may 
be greater or less in the premature beats depending upon the change in the QRS as 
compared to the smus beat. In those leads in which the injury shift is large it 
predominates (as in the precordial leads of t-16-55) In those leads m which the 
injury shift is smaK the secondary R5-T shift re»iftmg from the wide R or S takes 
precedence 
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Fio. 157. Ischemic T waves occurring in patient with preexisting Q waves producing 
appearance of infarction. Pam occurring on 1-25-SI was accompanied by appearance of 
inverted T waves la Lead li and 111 so that the diaphragmatic infarction pattern results. The 
previous tracing (,9-16-SO) shows that the QRS complexes have not changed. No fever, 
leukocytosis, or increased sedimentation rale occurred. It was concluded that infarction had not 
occurred. 


QRS-T relationship may occasionally be re- 
vealed which is very unusual in the normal. 
Unfortunately even in the normal the T vector 
is at times out of the plane of the QRS loop 
just as shown in Fig. 159. The distinction 
from the abnormal may rest upon the degree. 
This matter is under investigation. 

QRS CrUNGES FOLLOWING MYOCARDIAL IN- 
FARCTION IN THE ABSENCE OF ADDITIONAL 
CORONARY EVENTS. Changes in the QRS com- 
plexes observed in serial electrocardiograms 
made following myocardial infarction may be 
due to one or more of several causes. Those 


changes which may be expected to occur as 
a result of changes in cardiac position and 
rotation are outlined in Figs. 114, 119, 128, 
and 136. The extent to which changes in 
rotation can account for changes in con- 
figuration of the QRS complex and the QRS-T 
relationship may be seen in Figs. 158 and 159. 

Changes in the QRS complexes which may 
result from changes in intraventricular con- 
duction (right or left bundle branch block) 
are common early in infarction, when they 
are likely to be temporary. In other cases 
conduction disturbances may appear only 
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Fig. 159. The effect of clockwise rotation upon the QRS-T relationships when the T vector 
is out of the plane of the normal QRS loop. 

In a, T is the normal mean T vector and T* is the T wave vector after its direction has been 
thrown upward and forward from the plane of the QRS loop by diaphraematic wall ischemia 
or infarction. In infarction which does not involve the septum the QRS loop is also altered 
as shown. In a the heart is in counterclockwise rotation. 

b is the same diagram with the heart rotated less counterclockwise than in a, and in c the 
heart is still less counterclockwise 

It is seen that the clockwise rotation of the anatomic axis causes no change in the projection 
of T upon the frontal plane. However, this same rotation causes T to swing upward and to 
the left. The complexes drawn are for the infarct loop and T. Thus in a, T projceied on the 
frontal plane produces about the same T waves as are produced by the normal vector. T. How- 
ever, in c, T projected upon the frontal plane produces an inverted T wave of considerable 
magnitude. 

Further clockwise rotation would cause T to swing back down again, because rotation of 
the anatomic axis causes the tip of vector T to describe an arc. 

In some normals the tip of the T vector lies above the plane of the QRS loop much as in < 2 . 
However, further investigation may make it possible to detect some abnormals if the degree 
of change caused by such rotation (produced by taking a deep breath) is not approached 
by the normals. 


with left ventricular hypertrophy or with 
added myocardial damage (Fig. 160). 

Not infrequently the QRS changes that 
follow myocardial infarction may diminish 
considerably within a few days. As has been 
stated before, it is a bit difficult at this time 
to understand such rapid return of QRS 
effects without assuming that severely in- 
jured muscle, incapable of producing electri- 
cal effects, may recover within a short time. 
Not infrequently the same disappearance of 
the evidence of infarction occurs after a 
much longer period of time (Fig. 161). 

Left ventricular hypertrophy frequently 
follows myocardial infarction and may con- 
tribute significantly to the changes seen in 
the electrocardiogram. While in some cases 
only the magnitude of certain deflections will 
be affected, in others the form of the com- 


plexes is changed, 50 that it may become 
difficult or impossible to detect the presence 
of the infarct (see Fig. 177). 

When the left ventricle becomes quite large 
some of the QRS changes which occur may be 
referred to change in the cardiac position and 
rotation. Most often considerable enlargement 
of the heart causes a more apex-back position 
and a slight counterclockwise rotation about 
the anatomic axis. This latter rotation may be 
suffident to cause an R in Lead 111 to re- 
appear in the presence of a diaphragmatic 
infarction without extensive septal involve- 
ment (see Fig. 121, p. 147). The counter- 
clockwise rotation accompanying enlargement 
may be more apparent than real because of 
the effects of eccentricity. These effects, how- 
ever, are still of the order depicted in Figs. 
114, 119, 128, and 136, showing the effect 
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Fra. 160. Series of electrocardiograms made on a patient during and after two coronary 
events showing temporary (.11-27-37) and finally permanent changes in conduction affecting 
the QRS complexes The precordial leads made In 1937 are reversed in polarity. 


of various posiiions and rotations. At limes, 
enlargement naturally causes the analomic 
axis to become more transverse. 

It IS probable that the occurrence of hyper> 
trophy and enlargement of Ihe left ventricle 
after a myocardial infarction may alter the 
architecture of the heart sufTicicnlly to change 
the effective location of the infarct. Detailed 
discussion of this subject at this time would 
be entirely speculative. It is apparent, how- 
ever, that enlargement of the ventricle about 
an infarct m.ty diminish the relative electrical 
effects of the infarct unless the infarct stretches 
correspondingly. Many large infarcted areas 
do stretch when they are replaced by fibrous 


tissue and the electrical effect of the infarct 
is retained. In these cases Ihe changes in the 
electrocardiogram are due to greater effect 
from hypertrophy of the uninfarcted areas 
(Fig. 1620). 

In many instances the infarct is patchy 
and when hypertrophy occurs (he fibers which 
were not destroyed and which lie between the 
patches of scar tissue become enlarged and 
the area is again capable of QRS effects which 
were not detectable before hypertrophy oc- 
curred A similar mechanism involving re- 
covery of badly injured muscle in the 
interstices of a patchy infarct may account 
for recovery of QRS effects within the first 







Fia. 162. Effect of left ventricular hypertrophy occurring following infarction. A, Tracings 
made before (7-14-46), during (9-14-46), and after a large apical infarction. On 12-10-46 
right bundle branch block occurred during an attack of congestive heart failure. The progressive 
increase of the magnitude of the QRS completes is due to enlargement and hypertrophy of the 
left ventricle. 

The T wave changes and RS-T changes (especially RS-T elevations and upright T waves in 
Leads III, Vs, and Vs) seen on 10-12-32 ate secondary to the increase of the S waves (due to 
hypertrophy) which they follow, lo part the RS-T elevation at V, is due to ventricular 
aneurysm. 

The “reappearance” of R waves at Vt and v< is also probably due to hypertrophy, but in 
part results from alteration of the reiatiooship of the electrodes to the infarct. As the heart 
becomes greatly enlarged the apical infarct was probably moved to the left. 


few weeks following an Infarction. In some 
such cases the QRS effects are recovered lo 
the extent that the tracing cannot be dis- 
tinguished as abnormal (see Fig. 161). In 
others the recovery of QRS effects u only 


partial and the presence of an old infarct 
may be suspected. In some of these, notably 
old anterior lateral infarctions, the small R 
waves in the left precordial leads as well as 
the limb leads arc indistinguishable from the 
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Fio. 162 {Continiifd). B,T wave changes due lo hypertrophy of left 
ventricle following posterior infarction. 


similar findings seen in chronic pulmonary 
disease or in apex-back vertical hearts. 

Some of the changes accompanying hyper- 
trophy of the left ventricle result from (he 
development of left bundle branch block. Whh 
left bundle branch block an infarct in most 
locations is, thus far, undetectable. When 
right bundle branch block develops, the in- 


farct is generally as detectable as it was with- 
out right bundle branch block. 

It is important to point out that with the 
development of left ventricular hypertrophy 
and with left bundle branch block the T wave 
tends to change in a direction opposite to 
that of the QRS and usually in proportion to 
(he magnitude of the increase of the QRS. 
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Fto. 163 Representation of spatial QRS loop when septal infarction occurs in the presence 
of right bundle branch block. The effect on the first portion of the QRS loop and the limb 
lead complexes as well as precordial leads is simitar to that observed when right bundle branch 
block IS absent (see Figs. 124 and 125). 

The two loops in the last diagram are for the septal infarct (dotted) when the right bundle 
branch block loop Is of the alternate form shown in Fig. 70. 


This effect upon the T wave may actually 
be greater than the effect of the infarct upon 
the T wave and may Ihus aid in Jls conceal- 
ment (see Fig. 162h). 

MYOCARDtAL INFARCTION AND BUNDLE BRANCH 
BLOCK 

Riglil Bundle Branch Block. In the presence 
of right bundle branch block infarcts gen- 
erally produce a change in the first portion 
of the spatial QRS loop similar to that pro- 
duced by Che same infarcts in Che first portion 
of the normal loops (Figs. 163, 164, 16S, and 
166). As a result, examination of the first 
portion of the QRS complexes in the presence 
of right bundle branch block reveals the same 
QRS changes seen in the absence of right 
bundle branch block. Of course, the fact that 


the left ventricle is activated first and the sim- 
ilarity of the first portion of the right bundle 
branch block loop to the first portion of the 
normal loop accounts for this phenomenon. 

Furthermore, in the prccordial leads the 
first portions of the QRS complexes are also 
similar to those produced by the same infarct 
in (he absence of nght bundle branch block. 
It is only the last portion of the QRS com- 
plex that is altered by the bundle branch 
block Figs. 163, 164, 165, and 166). 

Left Bundle Brandt Block. Since in left 
bundle branch block the left ventricle is ac- 
tivated last and only after the interventricular 
septum has been traversed by the impulse, 
it is only the later portion of the QRS loop 
(and complexes) which is affected by infarc- 
tions of the free wall of the left ventricle. 
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Fia 164, Lateral wall infarct in the presence of right bundle branch block. The infarct 
causes the first portion of the loop to be extended to the right and forward much as it does in 
the absence of right bundle branch block (see Fig. 111). At 0 03 second the septal effects are 
(because of the infarct) greater than those of the free wall of the left ventricle and the 
resultant vector still points to the right. At 0.06 second and beyond the vectors are much as 
they are without the infarct for they are derived from uninfarcted regions. 

The first portions of the limb leads and the precordtal leads are affected in the same way as 
they are in the absence of right bundle branch block (see Figs 111 and 112}. 

a is the corresponding infarct loop for the alternate form right bundle branch block, loop b as 
developed in Fig. 70. c and d are other variants of the infarct loop. 


This makes it very difficult to recognize myo- 
cardial infarction in the presence of left bun- 
dle branch block. 

If a wide area of the interventricular sep- 
tum is involved and especially if the involve- 
ment is transmural the first portion of the 
QRS loop may be affected sufficiently to make 
the infarction recognizable (Fig. 167). This 
causes the loop to start to the right instead of 
the left so that a wide Q occurs in Lead I and 
a corresponding R in Lead Vj. If the infarct 
Is largely left sided in the septum this sign 
will be lost but a large notch may be pro- 
duced in the early portion of the QRS loop 


(and in the R of Lead I) which may or may 
not be sufficiently marked to be recognized. 
Occasionally when the apical wall of the left 
ventricle is also involved the notch may be 
sufficiently pronounced to arouse suspicion. 

Figure 168 represents the expected effect 
of a diaphragmatic wall infarction upon the 
QRS loop in the presence of left bundle 
branch block. Similar speculauons may be 
made regarding the expected effects of in- 
farcts in other portions of the free wall of 
the left ventricle. It is apparent that the recog- 
nition of such infarctions in the presence of 
left bundle branch block is virtually impos- 
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Fio. 165 Diaphragmatic wall infarclion in (he presence of right bundle branch block. The 
effect upon the iSrst po:thn of the QRS loop and on the l>mb leads is the same as that which 
occurs in the absence of right bundle branch block. The last diagram a for a larger diaphrag* 
matic infarct. 


sible unless the spatial loop can be recorded 
with some accuracy. The present methods of 
recording spatial loops involve large errors 
in the anteroposterior component of the vec- 
tors and It IS not yet possible to apply this 
method to the investigation of the problem. 

Evaluation oj Changes Due to New 
Coronary Events in Patients with 
Initially Abnormal Tracings 

A variety of factors which may account 
for the changes seen in serial electrocardio- 
grams have now been described. In most of 
the above discussions changes are described 
in relation to the normal. Unfortunately it is 
frequently necessary to attempt to determine 
the signiflcance of changes observed in serial 
tracings when every tracing in the seria is 


definitely abnormal. Some of the problems in- 
volved in this area of electrocardiography are 
presently unsolved. 

CHANGES IN PATIENTS WHOSE TRACINGS 
SHOW LEFT VENTRICULAR HEPERTROPHY AND 
LEFT BUNDLE BRANCH BLOCK. Thc tracing Of 
the patient with left ventncular hypertrophy 
or left bundle branch block (frequently hy- 
pertensive) often shows a rather marked 
RS-T depression following large R waves and 
RS-T elevations and upright T waves in those 
leads with large S waves. When a later tracing 
is made and a change in this RS-T shifts, and 
also possibly the T waves, occurs, inlerpreta- 
tion of this finding requires careful attention 
to the possible effect of several factors. First, 
careful examination of the QRS complexes 
should be made to determine whether a 




Fig. 166. Electrocardiograms from a patient with a dia- 
phragmatic wall infarctMn in the presence of right bundle 
branch block. 4-13-55, Injury and early infarction. 5-9-55, 
Later tracing Note deep Q In Leads II and 111, like those that 
occur in diaphragmatic wall infarction in the absence of right 
bundle branch block. 







Fk3 167 Top, Transmural septal Infarction 
in lef( bundle branch block. The waves of 
MCiiaifon of left bundle branch block (see Fi^ 
SI. p 105. are depicted with large defects in 
those pans occupying the septum The electri- 
cal effect of the defect resulting from the in- 
farction is analyzed m the usual manner 
Only the infarct loop is drawn Since the 
first vectors now point to the right a Q appears 
in Lead I and an R may appear m Lead III. 
These are largely due to electrical effects from 
the wave of excitation in the wall of the right 
ventricle. The same effects result in an appear- 
ance of an R in Vi and and a Q Jn V, 
(commonly absent in left bundle branch block 
— see Fig. 82). If the apical wall of the left 
ventncle is also infarcted a Q may appear and 
be very wide in Vi, Vi, and Vo 
Bo/rom. Anterior and iransmural septal in- 
farction in ihe presence of left bundle branch 
block, o. Tracing before myocardial infarction 
b. Injury tracing due to myocardial infarction; 
transient left bundle branch block is present, 
e. Left bundle branch block has disappeared 
Compare b with hmb leads devefoped for figure 
above. 
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Fio. 168. Diaphragmatic wall infarction in left bundle branch block. The method of analysis 
is the same as that employed for other infarcts Here is it seen that infarction of (he free wall 
of the left ventricle affects the later parts of (he spatial QRS loop when left bundle branch 
block is present (septal infarction affects the early portion). Tbe same applies to infarction of 
the lateral wall of the left ventricle. 

The figure serves to show why it is difficult to detect infarction in the diaphragmatic (and 
lateral wall) of the left ventricle. A suflicientty accurate method of recording spatial loops with 
the oscilloscope may make it possible to recognize some of these cases. 


change in cardiac position or rotation has oc- 
curred, for such a change is accompanied by 
a change in the RS-T shifts and/or T waves 
(Fig. 169). However, changes in the QRS 
complexes may be due to an increase in left 
ventricular hypertrophy or dilatation (Fig. 

170) or to change in intraventricular conduc- 
tion (usually left bundle branch block) which 
also affect the RS-T shifts and T waves ac- 
cording to the principle of the gradient (Rg. 

171) . These RS-T and T wave changes lend 
to be opposite in direction to (and their mag- 
nitude is proportional to the magnitude of) 
the main deflection of the QRS complex 
(measured in area). 

Since the magnitude of the gradient is di- 
minished by rapid rate and by digitalis it fol- 
lows that these RS-T shifts occurring in left 


ventricular hypertrophy and left bundle 
branch block are usually greater with in- 
creased rale and with digitalis. With the latter 
the ()-T becomes shorter. (Figs. 172, 173, 
and 174). 

The relation of rate to the RS-T segment 
and T wave changes is seen in Fig. 175 show- 
ing the effect of carotid sinus stimulation 
upon the cardiac rate. With slowing of the 
rate the inverted T wave becomes smaller and 
the RS-T shift tends to be less; when the rate 
increases the inversion of T again becomes 
greater and the RS-T displacement tends to 
be greater. 

Further controlled studies of the effects of 
rate, of food, and other factors upon such 
tracings are being made at this time. Some 
opportunity to study these phenomena is af- 




Fia. 169. QRS ebangu due to change in cardbc position combined with 
RS-T shifts due to angina. At the time this patient was seen she would have 
an angina attack upon lying down. All tracings were made at home at the 
same sitting. 

a, Silting up; b. Upon lying down; c. Dull pain beginning; d. Pain worse; 
e, Pam severe; /, Pam very severe; g. Pain unbearable. 

The pain could be r^oidl.v relieved t>v nitrojJ.vcerine. 

The QRS complexes changed with change in posture. This is especially 
noticeable in Lead III and the relative heights of Ri and R„. However, with 
the onset of pain they changed more, and still more when the pain became 
quite severe These changes result from elevation of the respiratory mid- 
position resulting from anxiety and severe pain; the heart became more 
Vertical The R5-T and T changes might have resulted from the increase 
in rate However, the shifts disappeared without change in rate when nitro- 
glycerine was given. 





Fig. 170. A series of electrocardiogranu on the same patient 
with left ventricular hypertrophy. 5-29-SO. Increased left ventricular 
hypertrophy. The increase in the QRS has resulted in more marked 
RS-T shifts and more marked inversion of the T waves in Leads I. 
V<, Vfc and V*. 5-2-52, Digitalization has produced more marked 
RS-T shifts and greater T wave changes. The Q-T Is shorter. 

It is impossible to determine the extent to which ischemia may 
contribute to the change in some of these cases. This patient bad 
angina. 




Fig 171 A series of elcctrocardioframs on ihe same patient Varying degree of left bundle 
branch block is seen It is noted in any lead that when the QRS becomes greater (in area) the 
RS-T segment shift in the opposite direction becomes greater. The T wave also changes in a 
direction opposite to that of Ihe QRS at the same tune. Tliese phenomena follow the principle 
of the gradient. 
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forded by seeing these patients through non- 
cardiac illnesses and from observation of car- 
diac mechanism disturbances. 

When rapid rate occurs in combination 
with the effects of digitalis in these cases the 
total effect tends to be exaggerated. 

It has been found that frequently with con- 
gestive failure the gradient is diminished and 
the same effects are observed that are seen 
with increased rate. In some cases of acute 
pulmonary edema this effect is marked and 
it may be difficult to distinguish it from injury 
effects. The latter would indicate that acute 
pulmonary edema is initiated by coronary 
spasm or occlusion (Fig. 176). 

Unfortunately “posterior” or subendocar- 
dial myocardial injury may occur in persons 
with this type of tracing. The direction of the 
RS-T displacement in such lesions may be 
opposite to that of the direction of the QRS 
deflection In all leads (Fig. 151) and because 
the rate is rapid the false conclusion might 
be drawn that the RS-T displacement (or in- 
crease in existing RS-T displacement) is due 
to the rapid rate. Thus, under any circum- 
stances conclusion may have to be deferred 
until serial observations furnish additional in- 
formation (Fig. 177). Anterolateral ischemia 
causes the same difficulty In these cases and 
can only be evaluated properly in serial 
studies. 

At times RS-T shifts previously present 
which increase during an attack of pain may 
be seen to become progressively larger as the 
attack proceeds in spite of the fact that the 
rate does not change significantly. When thu 
occurs over a period of a few minutes it is 
highly suggestive. If the shift is sharply 
diminished by nitroglycerin the evidence is 
virtually conclusive, especially if the rate is 
not appreciably slowed. Figure 178 shows two 
tracings made on the same patient at different 
times; b is an interval tracing; a was made 
during an attack of epigastric pain. The change 
in the RS-T segments cannot be attributed 
to the insignificant change in rate. 

If in any electrocardiogram a significant 
RS— T shift appears which is in the same 


/Vcj digitalis Digitalized 



Fig. 172. Electrocardiograms before and 
after (4 days later) digitalization of a 40-year> 
old man with left ventricular hypertrophy due 
to aortic stenosis. The RS-T shifts in the second 
tracing are due to digitalis. Note that although 
the rate is changed but little the Q-T is much 
shorter. ThU is a characteristic digitalis effect. 

direction as the main deflection of the QRS 
complex in most of the leads the diagnosis 
of injury is warranted even on a single trac- 
ing. (Figs. 179 and 180). Whether this injury 
depends upon coronary disease or upon peri- 
carditis must be determined by serial study. 
These tracings should not be confused with 
normals with large gradient. 

What has been said of the RS-T shifts also 
applies to the T waves, which in these cases 
are most often, but not always, of the same 
direction as the RS-T shifts. 



Fic 173. A not unusual effect of digitalis. Both tracings 
were made under digitalis therapy. The second was made three 
days after the first and after the dose of digitalis had been in- 
creased The marked change in the T waves seen here is fairly 
common after digitalis. Note the shorter Q-T interval in the 
second tracing even when the rate is slower. 
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Fio. 175. Effect of rate upon RS-T and T wave* in a patient with arteriosclerotic hvoer- 
tensivc heart disease and left ventricular hypertrophy. Note that when rate ij slowed by carotid 
sinus stimulation the inverted T wave is much smaUer and the RS-T junction is less depressed. 
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Fio 176. A series of electrocardiograms on a patient who had left ventricular 
hypertrophy due to hypertension for many years and who suddenly developed acute 
pulmonary edema on 8-23-53 while in the hospital with a fractured hip The 
tracing on this date shows mcreascd RS-T shifts and T wave change* The rate is 
more rapid than on i-9-53. However, the RS-T shift m Lead III is quite large and 
downward although the net QRS area in that i»d is practically zero. The RS-T 
shift in Vi IS also out of proportion to the net QRS This suggests injury changes 
probably due to diffuse subendocardial injury. In foIIow-up tracings as on 
9 - 24-84 the rate is as rapid yet the RS-T shifts are not like those seen on 
8-23-53. The tracing of 9-14-54 shows digitalis effects. 





3'3‘4a 





204 


CLINICAL ELECTROCARDIOGRAPHY 


a b 



Fio. 178. Hyper(«nsive h«art disease with 
RS-T changes a, Eleceroeardiogram made dur> 
log pain. The RS-T shift in Vi is in the same 
direction as the main deflection of the QRS but 
the shift in V 4 and Va are not and cannot easily 
be evaluated. The marked change induced by 
nitroglycerine without significani change in rale 
( 6 ) makes it clear that the RS-T shifts were due 
to angina. 

It is important to point out that in abnor* 
mal cases a small change in the location of 
the precordial electrode produces a greater 
change in the appearance of the tracing than 
can occur in the normal. Therefore interpreta- 
tion of serial precordial leads in these cases 
is filled with difficulties and great caution 
should be exercised (Fig. 181). There is no 
way to assure identical placement of the 
electrode (in relation to the heart) on two 
successive examinations. 

Figure 182 shows the electrocardiograms of 
a patient with hypertensive heart disease be- 
fore and after an attack of angina. Tracing 
a may show only the signs of hyperlrt^hy 
but the serial T wave change seen between a 


and b is due to ischemia. No digitalis is 
present. 

At times Injury shifts may occur which are 
due to angina or early infarction and are 
opposite in direction to previously existing 
changes due to hypertrophy and ischemic 
changes so that the tracing may actually 
appear more normal than it did before. (Fig. 
183). 

In summary, when new injury changes are 
suspected in these abnormal tracings serial 
studies must be made in order to search for 
evidence of relation of the change in the 
electrocardiogram to rate change and to the 
administration of nitroglycerin and to detect 
QRS changes indicating infarction. In the 
evaluation of the latter, the effect of change 
of cardiac position and rotation must be 
allowed for (Fig. 158), as should the effect 
of congestive failure and of digitalis. 

In this connection some mention should 
be made of QRS changes occurring in con- 
gestive heart failure which are apparently due 
to change in cardiac position resulting from 
right ventricular enlargement, change in pos- 
ture, and unknown factors. Similar changes 
seem at times to accompany rapid heart rates 
with and without cardiac mechanism disturb- 
ances. The changes consist of reduction of the 
R waves which when left axis deviation is pres- 
ent may cause the remaining S waves to ap- 
pear to be Q waves. The R waves in the 
precordial leads may, at times, be considerably 
diminished. 

CHANGES IN THE ELECTROCARDIOGRAMS OF 
PATIENTS WITH OLD MYOCARDIAL INFARCTIONS. 
Some of the changes following myocardial 
infarction have been described. We are pres- 
ently interested, however, in those which may 
be due to new coronary events. Since the 
injury shift is most frequently (but not 
always) the effect of new events in the heart 
of coronary origin it will be dealt with first. 

If a patient has given a history of myo- 
cardial Infarction some months before and his 
tracing following chest pains shows RS-T 
shifts (Fig. 184) the usual diagnosis would 
be that he has suffered a fresh occlusion. 
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Actually this is not necessarily so. Both of the 
patients whose tracings are shown in Fig. 
lS3a and b had had infarctions several months 
before and bad retained the shifts during the 
following months. The presence of ventricular 
aneurysm had not been established in either 
case. If one sees such a tracing under the 
circumstances described and without the op- 
portunity of examining a number of interval 
tracings the change must be regarded as 
acute until it has been established that the 
tracing does not change over a period of time. 

New changes occurring in patients who 
have myocardial infarctions must be ap- 
proached much as has been described for 
the electrocardiograms of patients with left 
ventricular hypertrophy and left bundle 
branch block. Here again one must not be 
deceived by changes due to alteration in 
cardiac position and rotation (see Fig. 158, 
p. 1 84) . Congestive failure and rapid rate may 
be responsible for QRS changes which result 
from changes in cardiac rotation and which 
may be misleading. Digitalis may produce 
RS-T shifts and T wave changes as a result 
of diminution of the gradient. 

When new coronary events supervene it 
may be extremely difficult to distinguish these 
from changes attributed to the above factors. 

Fro. 179. The patient is a 74-ycar-o!d 
female with hypertension (blood pressure. 220/ 
100), who has been seen by the writer over a 
period of 16 years and who had no cardiac 
symptoms during that tiipe. Tracing a, showing 
left ventricular hypertrophy, was made on 
routine check-up. Tracing b was made (at 
home) during her first and only severe chest 
pain. The RS-T shifts in Leads I and 111 are 
in the same direction as the QRS complexes and 
are, therefore, undoubtedly due to injury. The 
upright T waves and upward shifts of the RS-T 
segment in the precordial leads in tracing b 
are also due to injury. The QRS complexes are 
not comparable to those of tracing a, entirely 
because of different placement of the electrodes. 
There was no fever and no leukocytosis. 

Tracing c was made 24 hours after tracing b 
and shows the ischemic changes which followed 
the injury. Recovery from these changes oc- 
curred within 5 weeks. It was concluded that 
no infarction had occurred. The transaminase 
level remained normal. 


It may also be difficult to know whether in- 
jury occurs and heals or progresses to addi- 
tional infarction. Additional anterolateral 
infarction is easier to detect than additional 
diaphragmatic wall or septal infarction. 

The presence of left bundle branch block 
makes the recognition of additional changes 
extremely difficult. The variations that occur 
in left bundle branch block tracings from 
time to time due to change in the degree of 





Fra S-22. Fracing from a tf^-year-oW wfirte fcmafe fftyperfensmr/ 

with pam in the chest. No previous tracing was immediately available The 
RS-T shifts in Leads I and Ilf, which are m the same direction as the main 
deflections of the QRS complexes in those leads, were regarded as diagnostic of 
acute injury. The upward RS-T shifts m the chest leads and high upright T 
waves also suggested injury. The patient was hospitalized and the tracing dated 
8-23 was obtained 24 hours later. Injury effects recurred on 8-2S and were 
again followed by ischemia There was no fever and no leukocytosis. The QRS 
changes in the limb leads are regarded as being due to change m cardiac posi* 
lion No signifleant change in the QRS complexes of the precordial leads is 
discernible. No infarction is believed to have occurred. 
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Fro. ISl. A shows iht«e leads made oo the same patient in the 
same lateral position of V 4 . but at dtfTercot vertical levels. The marked 
variation of the T waves obtained in thb way at the same sitting il> 
lusirates a limitation of serial precordial lead interpretation. B is 
another example. Both of these patients bad had myocardial infarc* 
tions in the past. 


the block may be mistaken for more impor- 
tant changes. The recognition of new QRS 
changes when infarction occurs in left bundle 
branch block may be impossible. 

The more abnormal the electrocardiogram 
the more difficulty there is in recogniring 
new changes. 

The present subject may be best pursued 
by itviewing several cases: Figure 184 is a 
series of electrocardiograms made on a 
woman who was 73 years of age at the lime 
the first tracing (8-30-48) was made. On 
9-24-52 she had a severe pain in the chest, 
and developed fever and leukocytosis. The 
electrocardiogram changed in a manner char- 
acteristic of diaphragmatic infarction. She re- 
covered and the ischemic T wave effects had 
largely disappeared by 6-9-S4. On 3-30-55 
she suffered another severe and prolonged 
pain in the chest and again the signs of dia- 
phragmatic injury appeared. A second dia- 
phragmatic infarction was anticipated. How- 
ever, within five days a trace like that of 
9-28-52 was recorded. In the meantime, no 
fever, leukocytosis, or rapid sedimentation 
rate bad occurred. It is impossible to be cer- 


tain from the electrocardiogram alone whether 
she had had another infarction or not. 

Figure 185 shows electrocardiograms of a 
man who was 44 years of age when the trac- 
ing of 4-I4-4S was made. He had been having 
pains in the chest. A diagnosis of coronary 
insufficiency was made. The subsequent trac- 
ings show varying changes in the T wave axis 
indicative of ischemia of the anterolateral 
wall of the left ventricle. On 1-13-48 a severe 
pain in the chest was followed by the appear- 
ance of injury shifts which over a period 
of several days disappeared while at the same 
time a wide Q appeared in Lead I and all of 
the chest leads. A large apical infarction had 
occurred. On 4-5-48 the tracing had changed 
further toward a left axis deviation and a 
widening of the QRS had occurred. This may 
be partly due to a change in cardiac rotation 
due to enlargement of the heart which oc- 
curred at this time but a change in conduction 
(incomplete left bundle branch block) had 
also o^urred. 

For a lime the tracing remained essentially 
imchanged except for the fact that the hyper- 
trophy of the remainder of the left ventricle 




Fig. 282. Tracing a was made as an interval 
observation on a hypertensive female 57 years 
of age who had had angina for 4 years Tracing 
b was made after a series of rapidly repeated 
severe anginal attacks. Ischemia has produced 
marked T wave changes which are not dissimilar 
to those which might occur with rapid rate or 
digitalis with the exception that in Lead III the 
T wave is inverted. Rapid rate, digitalis, in- 
creased hypertrophy, or early left bundle branch 
block would not have caused the T wave in 
Lead III to become inverted, they would have 
made rt more positive if any change occurred. 
No digitalis had been given, nor had the rate 
increased. There is also no evidence of change 
ia cardiac position. 
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and digitalis have caused the inverted T waves 
which commonly follow large Q waves in the 
precordial leads (V 4 ) to become upright. 

On 2-20-49 the patient had another severe 
chest pain and the tracing showed RS-T 
shifts in the same direction as the main defec- 
tion of the QRS in Lead I and III. On 2-20-49 
and 2-21-49 the Q in Lead I and the R in 
Lead III are seen to become progressively 
larger. Additional lateral infarction had oc- 
curred. 

On 8-15-49 the final attack occurred and 
the patient expired within the week. Left 
bundle branch block is present in spile of 
which the wide Q is retained in Lead I and 
the R is retained in Lead III, probably due 
to the presence of infarction in the septum. 

Autopsy disclosed extensive infarction of 
the interventricular septum, the apical half 
of the anterior and diaphragmatic walls, and 
the apical two thirds of the lateral wall of 
the left ventricle. 

At times a second infarction occurs in an 
area of different orientation from that of 
the first (Fig. 186). Under these circum- 
stances the interpretation is not difficult. Here 
the reader should review infarcts in combined 
locations, (pp. 161-166). 

When multiple infarction has occurred the 
QRS complexes may become small and heavily 
slurred or notched and it may be quite diffi- 
cult or impossible to interpret serial tracings 
following another attack of pain in the cbesL 

After repeated infarction right bundle 
branch block or (more frequently) left bundle 


Fio. 183. a is an interval tracing made on a 
70-ycar-old white male who bad paroxysmal at- 
tacks of pain in the left shoulder and circumoral 
region. The tracing is abnormal, possibly as a 
result of previous infarction in the anteroseptal 
region with extension to the diaphragmatic sur- 
face. b was made during an attack of the above- 
described pain. The injury effects have caused 
the previously inverted T waves to become up- 
right in most of the leads. Following the attack 
the tracing returned to its previous appearance 
(a) within a few minutes. The entire sequence 
was observed several times. 


branch block supervenes. In the latter case 
diagnosis of new QRS changes is extremely 
difficull. 


a b 
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Fig. 185. Tracing made between 4-14-45 and 7-7-47 show changes due to myocardial 
ischemia Note that the T axis vanes in direction No digitalis was administered. 

On 1-13-48 and 1-14-48 a severe chest pain was accompanied by large injury shifts and 
QRS changes typical of anterolateral injury and infarction. Note especially appearance of a 
wide Q in Lead I and the Q waves in the precordial leads. On 4-5-48 there is a change to 
marked counterclockwise rotation and slight change in intraventricular conduction (left bundle 
branch delay). 

On 2-20-49 another severe chest pain occurred and there are RS-T shifts in Leads I and 
ni which are in the same direction as the main deflection of the QRS complexes. Following 
this m two tracings made on 2-21-49 the Q in Lead I is larger and the R in Lead III is higher. 
This change signifying additional infarction in the anterolateral wall was permanent 

On 8-15-49 the final attack occurred, the left bundle branch delay became greater and the 
complexes smaller in the limb leads. 

The variations in the form of V. until 8-15-49 result entirely from difference in electrode 
placement. Any inference that the serial change in V« from 4-12-48 to 6-8-48 or from 
2-21-49 AM to 2-21-49 PM results from myocardial change is erroneous. 





3-22-42 


4-10-42 


n-6-S2 


4-7-5S 



Tio. 186 3-3'42. Tracing made 9 monihs Miowiag an anterior myocardial infarclion 
4-1-42, Same patient following a dtaphragnulic (posterior) infarction li-6-52. Same patient 
after hypertrophy and dilatation of the remainder of the left ventricle had occurred Note that 
the T wave changes in practically all of the leads are those which, according to the principle of 
the gradient, would be expected from increase of the area of the QRS (due to hypertrophy). 
Of course some ischemic T effects may also have disappeared. J-7-S5, Left bundle branch 
block has ensued. Note that T wave changes of the type described above have become 
exaggerated. 


12. Right Ventricular Hypertrophy' 


We approach right ventricular hypertrophy 
with the same hypothesis employed in the 
analysis of the normal, of right and left 
bundle branch block, and of left ventricular 
hypertrophy. 

Figures 187, 188, and 189 represent the 
application of the hypothesis to mild, moder- 
ate, and marked right ventricular hypertrophy. 
The spatial QRS loops and the precordial 
leads are developed at the same time. Vector 
analysis is employed in developing the QRS 
loops while the solid angle method is em- 
ployed in developing the precordia) leads. 

In each case it is first assumed that hyper- 
trophy of the right ventricle involves thick- 
ening of the apex of the ventricle and 
therefore a delayed “break-through” in this 
area during depolarization (see 0.02 second 
in each figure). However, it is necessary to 
realize that this area of the right ventricle 
may remain thin though the rest of the ven- 
tricle becomes much thicker than the normal. 
Many hypertrophied right ventricles, like 
most normal and even some hypertrophied 
left ventricles, are thin at the apex and be- 
come progressively thicker towards the base. 
Under such circumstances the vector at 
0.02 second in Fig. 187, 188, and 189 may 
be little or no longer than the normal at 
this time. In such cases the first portion of 
the loop becomes smaller and may be repre- 
sented by an alternate form; in the mild and 
moderate hypertrophies one simply follows 
(on those figures showing the completed 
loops) the normal loop in the first portion 
until the point is reached where the originally 
drawn hypertrophy loop first crosses it. From 
here on the hypertrophy loop is followed. 

• In collaboration with Louis Levy, II, M.D., 
Heart Station of Charity Hospital, New Orleans. 


With the right ventricle markedly hyper- 
trophied, this alternate form is represented 
by a short bridge drawn in to shorten the 
first portion of the loop. 

It is evident in Figs. 187, 188, and 189, 
as in the development of the normal QRS 
loop, that the direction and magnitude of the 
fcsuhanl vectors (after the first 0.02 second) 
depend upon opposing effects in the two 
ventricles. Theoretically, therefore, as the 
right ventricle becomes thicker the loop be- 
comes rounder (Fig. 187) and soon (Fig. 
188), because of the basal curvature of the 
two ventricles, its latter portion begins to 
point more backward as the loop becomes 
flatter from right to left. When the right 
veotricle becomes as thick and as Urge as 
the left, the loop should be aligned with the 
anatomic axis as shown in Fig. 189 (0.07 
second). If the right ventricle becomes larger 
and thicker than the left the loop should 
begin to point more to the right as shown by 
the doited loop of Fig. 189 (0.06 and 0.07 
second). Obviously the larger the vector D 
in this figure the greater will be the right- 
ward direction of the resultant vector. The 
precordial leads are shown in the figure. 

In Fig. 190 the loops which have developed 
in Fig. 187, 188 and 189 are shown in a, b, 
and c respectively, in clockwise rotation and 
semitransverse position, and in d, e, and / in 
clockwise rotation and apex-back transverse 
position. In g, h, and / the anatomic axis is 
the same as in a, b, and c but there is more 
clockwise rotation about the anatomic axis. 
The relation of the hypertrophy loop to the 
normal loop is shown for purposes of orienta- 
tion. In / the spatial loop of Fig. 189 (marked 
right ventricular hypertrophy) is represented 
with the heart very transverse and in slight 
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clockwise rotation. In k the spatial loop of 
Fig. 489 is shown with the heart rotated 
slightly counterclockwise with a transverse 
anatomic axis. 

Ordinarily when the right ventricle becomes 
enlarged, as in pulmonary embolism and in 
mitral stenosis) the heart tends to rotate 
clockwise and it is for this reason that the 
figures are drawn largely for clockwise rota- 
tions. It is also difficult to avoid the conclusion 
that enlargement of the right ventricle of 
more than mild degree must cause the apex 
of the heart to be pushed backward, for the 





Fig 187. Mild right ventricular hypertrophy. The waves of excitation in the right ventricle 
are assumed to persist longer than in the normal due to the increased thickness of this structure 
(compare with Fig 14). This results, as shown, in an increase in the magnitude of the vector 
at 0 02 and at 0 025 second (unless the apex of the ventricle, as frequently happens, is 
not thickened). After 0 025 second the clecIrKal effects of the waves of excitation in the two 
ventricles oppose one another and the vector at 0 04 second is shorter than the vector normally 
occurring at this tune. At 0 06 second (assuming that activation of the mildly hypertrophied 
right ventricle is completed at this lime) the vector is the same as that seen in the normal If 
the apex of the right ventricle is not thickened with the base the dolled normal loop is followed 
to the point at which it crosses the loop for right ventricular hypertrophy; from here on the 
hypertrophy loop is followed. 

The precordial leads are derived by the solid angle method, and.js shown, may reveal no 
diagnostic changes. The limb leads arc derived in Fig 190. 




Ftc. 188. Moderate right ventricular hypertrophy. The derivation of the Grst portion of the 
loop is similar to that of Fig. 187. At 0 04, 0 06. and 0 07 second (the sixth diagram) however, 
the right ventricular effects are shown to be greater and to persist longer. This shortens the re^ 
suliant vectors directed to the left, in addition, at 0.06 second it is seen that the waves of 
excitation in the bases of the two venlncles are such as to produce a resultant which points 
more bacliward than any of the vectors of the normal loop. 

The precordial leads derived by the solid angle method show a wide and possibly large R in 
Vi and small R and deep S in Vp. 

The limb leads are derived from the loop constructed in these diagrams as shown in Fig. 190. 

(Sec next page for third part of Fig. 188) 
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Fig ISS (Connnue^) Vie aliena(e figures 
for 0 04 and 0 06 second represent what may 
be expected to occur if to the moderate degree 
of right ventricular hypertrophy we add a 
similar degree of left ventricular hypertrophy. 
The loop returns to the form developed in 
Fig. 187 but IS larger. The precordial leads also 
tend to return to the form seen in Fig 187 but 
are also larger. 

right ventricle has no room to occupy ante- 
riorly. On the other hand, in congenital heart 
disease with great right ventricles and fre- 
quently quite small left ventricles, the archi- 
tecture of the heart is such that the concept 
of clockwise and counterclockwise rotation 
as generally employed loses its meaning. If 
the right ventricle is very large and the comw 
and pulmonary artery are very large it may 
well be that the surface of the electrically 
active mass of the right ventricle points 
mainly forward, somewhat downward, and to 
the right; the surface of the smaller left 


ventricle may point down and back and to 
the left, or simply backward and to the left. 
It Is not inconceivable that it may point a 
bit upward. At any rate it is not impossible, 
as far as the right ventricle is concerned, that 
the effects arc such as that they may be rep- 
reseated by counterclockwise rotations of the 
loop as in Fig. 190L. 

Right Ventricular Hypertrophy and Right 
Bundle Branch Delay 

It is important to note that the spatial QRS 
loop and QRS complexes (in all leads) de- 
veloped for mild hypertrophy of the right 
ventricle (Fig. 187) such as may occur in 
some cases of cor pulmonale or rheumatic 
heart disease differ little from those de- 
veloped for right bundle branch block of 
slight degree (see Fig. 76, p. 99) or from 
the normal. Also, the spatial loop and com* 
plexes developed for moderate right ventricu- 
lar hypertrophy (Fig. 188) dilfer little from 
the spatial loops and complexes developed for 
moderate right bundle branch delay (see 
Fig. 75, p. 98). Finally, the similarity be- 
tween the shape of the loop and of the com- 
plexes developed for extreme right ventricular 
hypertrophy (Fig. 189) and those developed 
for complete nght bundle branch block is 
evident It must also be remembered that 
right bundle branch delay does not necessarily 
increase the duration of the QRS remarkably 
so that this measurement may be of no help 
m distinguishing it from right ventricular 

One of the most important problems facing 
electrocardiographers today is the recognition 
of right ventricular hypertrophy. The diffi- 
culties encountered in this problem are largely 
due to the common occurrence of various 
degrees of right bundle branch delay, fre- 
quently in the total absence of organic heart 
disease. Not only do various degrees of right 
bundle branch delay frequently mimic the 
limb leads and the precordial leads of right 
ventricular hypertrophy in every detail but 
also U is well known that right bundle branch 
block frequently occurs in the presence of 




Fic. 189. Marked n'sht ventricular bypcrtropby. Tbc same principles are follov'ed which 
were emplo-ed for Figs. 187 and 188. Here the right ventricle is thicker than the left and after 
0 02 second the right ventricular eiTects exceed the lefL After 0.04 second the resultant of 
the vectors representing the waves of excitation in the two ventricles is directed backward and 
to the right The larger and thicker the nght ventricle the more rightward direction is 
assumed by the resulmnt sector. The dotted loop is for a larger or thicker right ventricle 
than the solid line loop. Even more extreme degrees than this may occur. Again, if the apex 
of the right ventricle is not so thick and b quickly penetrated the anterior portion of the loop 
may be much shorter. 

The precordial leads are derived by the solid angle method. Note the very large and wide 
R in Vt and the veo’ small R and large S in V*. 

The limb leads are derived in Fig. 190. 
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right ventricular hypertrophy. Under these 
circumstances it is not possible to know to 
what degree the characteristics of the tracing 
are due to hypertrophy and to what degree 
they are due to right bundle branch delay 
(Fig. 191). Furthermore, there is no correla- 
tion between the degree of right bundle branch 
delay and the degree of right ventricular 
hypertrophy in these cases. 

It seems to require very little to produce 
right bundle branch delay in many persons. 
Possibly this can occur simply as a result of 
a rise in intraventricular pressure. However 
this does not occur at all uniformly. In nor- 
mal infants it has been observed by Ziegler 
and by the writer that the right bundle branch 
delay varies in degree from beat to beat. It 
may be important that most of these subjects 
are screaming when the records are being 
made. 

Electrocardiograms from patients with 
marked right ventricular hypertrophy fall into 
two groups exemplified by Figs I92<i and b. 
Both may be represented by the loop and 
precordial leads developed in Fig. 189, the 
loop being oriented as depicted in Fig. 190/ 
or k (it requires but little rotations to change 
from 190/ to I90jt). The difference between 
the two is that the height of the R in Lead 
I and of the R in the precordial leads is 
much smaller in Fig. 1826, possibly as a 
result of failure of the apex of the right 
ventricle to become hypertrophied so that the 


loop has the alternate form described in the 
hypertrophy loops. Eccentricity effects may 
play a part. On the other hand the height of 
the R in Lead I and in the left precordial 
leads is also greater when the left ventricle 
is hypertrophied as well as the right (see 
below). Tracings such as Fig. 1926 are more 
frequently seen in pure right ventricular 
hypertrophy (pulmonic stenosis). 

The QR in Vj seen in Figs. 192a and b 
is pathognomonic of marked right ventricular 
hypertrophy, except in young infants. 

With more moderate right ventricular 
hypertrophy Ihe tracing corresponds to the 
loop developed in Figs. 187 or 188. Figure 
193a corresponds to the loop of Fig. 187 and 
is oriented as in Fig. 19 O 5 . Here again the 
tracing shows a lower R tn I than is drawn 
for the theoretical Fig. (190^); the loop is 
of the alternate form discussed in the theo- 
retical development of Fig. 187 (Fig. I94fl). 
Figure 1936 is another tracing from a patient 
with moderate right ventricular hypertrophy. 
Here, however the loop is, at first glance, 
that developed in Fig. 188 and is practically 
nonrotated so that it is viewed on edge (Fig. 
1946). and the later portion is of long dura- 
tion and is bent to the right (note R' in 
Lead 111 instead of an S). This latter char- 
acteristic combines with the rather wide R' 
in V, to make it possible that we are dealing 
with Ihe loop of Fig. 191 (p. 222) or with the 
loop of Fig. 75 (p. 98) for moderate right 


Fig. 190. The QRS loops of figures 187. 18$. and 189 are shown in the usual spatial orienla. 
tions a, 6. and c are the loops of Figs. 187, 188. and J89 (respectively) in semiiransverse 
position and clockwise rotation, d, e, and / are the same loops in transverse, apex-back posi- 
tion and clockwise rotation, g, h. 1 are Ihe same spatial loops of mild moderate and marked 
right ventricular hypertrophy respectively, now in greater clockwise rotation than in a. b, and 
c. i is the more marked right hypertrophy loop for a very transverse, slightly clockwise heart. 
k is the marked right hypertrophy loop for a very transverse, slightly counterclockwise rotation. 
Only the hypertrophy complexes are drawn for g. A, I, / and k. 

The normal QRS loop of the same orientation is shown in each diagram for purposes of 
orientation. The complexes to the left are normal; those for right ventricular hypertrophy are 
to the right in each diagram It must be remembered that alternate forms of the right ventricular 
hypertrophy loop (when the apex of the right ventricle is not thickened) are drawn by following 
the normal loop until the point is reached where the hypertrophy loop crosses it; from this 
point on the hypertrophy loop is followed. Again It is emphasized that the size of the loop has 
little meaning for the individual case. Only Ihe form is dealt with except when comparing the 
cfTect of hypertrophy of one or both ventricles with a previously established loop for the same 
individual. 






Fjo. 191. Mild rigbl venincular hyper- 
trophy and right bundle branch delay combined. 
Note similarity of shape of loop and of pre- 
cordial complexes to those of a greater degree 
(moderate) of right ventricular hypertrophy 
(Fig 188). The precordial leads show notching 
in R of V« which was not derived in moderate 
ventrKttfar hypertrophy but we are not pre- 
pared to employ this as a diagnostic sign. 
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bundle branch delay without hypertrophy. 
Very probably right branch delay and right 
ventricular hypertrophy are both present. 
Figure 193a is from a patient with patent 
ductus and Fig. 193b is from a patient with 
the Eiscnmenger complex. 

When right ventricular hypertrophy occurs 
in rheumatic mitral disease it is frequently 
not very marked and may not be detectable 
electrocardiographically. Again it may produce 
loops characteristic of moderate hypertrophy. 
It is frequently accompanied by left ventricu- 
lar hypertrophy (due to mitral or aortic 
insufficiency) and will be discussed under the 
beading of hypertrophy of both ventricles. 

Vf in Right Ventricular Hypertrophy 

A point of great importance is the QRS 
complex of Vx as drawn for marked right 
ventricular hypertrophy in Fig. 1 89. Actually 
in most such cases the small primary R wave 
(due to early left septal activation) does not 
occur and the complex is characterized by a 
Q followed by a very large and wide R' wave. 
The absence of the small R wave may in part 
be due to clockwise rotation of the heart so 
that the surface of the left side of the septum 
does not face the electrode at Vj. However, 
it may in part be due to (he fact that these 
hearts are generally in a marked apex-back 
position so that the electrode faces the surface 
of (he left side of (he septum tangentially. 
The effect of this factor upon the potential 
at Vj may be further enhanced by the bound- 
ary effects of the chest wall as depicted in 
Fig. 195. Here it is shown that the eccentricity 
of the source dipoles produces an electrical 
field such that the potential at is zero 
even though the electrode is still facing the 
positive surface of the dipole layer. This dem- 
onstrates one of the inaccuracies of the solid 
angle method. The same factors may be in 
part responsible for the absence of the initial 
R in Vj in left ventricular hypertrophy. 

The appearance of' discussed above is 
pathognomonic of marked right ventricular 
hypertrophy. It is not seen to occur in right 
bundle branch block without hypertrophy. 


a b 



Fig. 192. a. Tracing from a patient with 
nrarked right ventricular hypertrophy due to 
atrial septal defect, b. Tracing from a patient 
with marked right ventricular hypertrophy due 
to pulmonic stenosis. 



j ijia K / / 
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Fio !94. a, QRS Icop conslructed from the 
fimb lea* of Fig 19ia b, QRS loop eon- 
strucled from the limb leads of Fig 193b c, 
QRS loop constructed from the limb leads of 
Fig 2030. d, QRS loop constructed from the 
limb leads of Fig. 192b. 

A large S in Vq generally accompanies this 
finding. The characteristics of the other pre- 
cordial leads in Ihe various degrees of right 
ventricular hypertrophy are shown in Figs. 
187. 188. and 189. 

Lfad V,n. At times the characteristic ap- 
pearance of Lead V, in right ventricular 
hypertrophy is seen only at points much fur- 
ther to Ihe right. To detect this finding a lead 
(V,„) Is made with the electrode on the right 
chest at a position corresponding to that of V3 
on Ihe left. Unfortunately high R waves occa- 
sionally occur m in normal persons. 

Hypertrophy of Both Ventricles 

If wq add to the right ventricular hyper- 
trophy depicted in Fig. 188 a degree of left 

Fig 193. a, Tracing from a patient with 
patent ductus with reversal of flow There was 
moderate right ventricular hypertrophy and, as 
indicated by the large R in V« and V., some left 
vealricvhr hypertrophy, b. Tracing from a pa- 
tient with Eisenmengcr's complex. There is 
moderate right ventricular hypertrophy and pos- 
sibly rigbt bundle branch delay. 
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Fig 195. Possible explanation of absence of 
initial positive deflection in Vi in marked right 
(and left) ventricular hypertrophy. 


ventricular hypertrophy such as depicted In 
Fig. 65 (p. 88) each vector in the scries of 
diagrams which represents a wave of excila* 
lion in the left ventricle would be made larger 
and have a bit more forward direction in the 
early stages and a bit more backward direc* 
tion in the later stages. The loop representing 
such hypertrophy of both ventricles would 
thus be enlarged to the left and forward and 
would approach the form of the loop drawn 
in Fig. 187 for a lesser degree of right ven* 
tricular hypertrophy but it would be larger 
in all dimensions (see Fig. 188B). 

Again, if we add to the right ventricular 
hypertrophy depicted in Fig. 189 the degree 
of left ventricular hypertrophy depicted in 
Fig. 65 (p. 88) the effect would be to cause 
the loop to approach the form shown for the 
lesser degree of right ventricular hypertrophy 
shown in Fig. 188 but again the loop would 
be larger in all dimensions. 

These combined hypertrophy loops are most 
commonly found in the clockwise rotations 
shown in Fig. 190 (see Fig. 196). How- 
ever, occasionally they are found in counter- 
clockwise rotation (Fig. 196c, d), especially 
when the left ventricular hypertrophy is 
marked. 

The theoretical expectation that the loop 
in combined hypertrophy is larger in ail 


dimensions than the loop of similar shape due 
to right ventricular hypertrophy alone cannot 
be verified easily by comparing tracings from 
different patients, for the size of the loop, 
even in normals, varies tremendously and 
the loops arc at times very large in young 
adults. Therefore, some experience will be 
required for proper interpretation. 

Combined hypertrophy may be seen in 
congenita! heart disease (Fig. 20S<2) and is 
quite common in, rheumatic mitral disease 
(Fig. 196). 

TRECORDiAL LEADS. ^Vhc^ both vcntriclcs 
are hypertrophied the precordial leads will 
depend upon the extent of the hypertrophy 
of each ventricle. If there is much left ven- 
tricular hypertrophy and only little or mod- 
erate right ventricular hypertrophy the latter 
may not be discernible (see Fig. 196d). The 
reader is reminded that right ventricular 
hypertrophy of slight to moderate degree may 
not be discernible even in the absence of left 
ventricular hypertrophy (Fig. 187), If both 
ventricles are hypertrophied to the same ex- 
tent the precordial leads may show, especially 
in Vi, the effects of the right ventricular 
hypertrophy (a large R). In V„ Vs and 
sometimes in V<{ a deep or wide S resulting 
from the retreating waves of excitation in 
the bases of both ventricles Is also common. 
At the same lime a larger R wave than is 
seen in right ventricular hypertrophy alone 
will occur in V2, Vj, and V4 due to the 
proximity of the large waves of excitation in 
the hypertrophied left ventricle. Left ven- 
tricular effects are now so great as to exceed 
the negative effects of the wave of excitation 
in the hypertrophied right ventricle at Vo, 
so that S in Vy is not so large. 

At times hypertrophy of both ventricles 
occurs and right bundle branch block is pres- 
ent. The recognition of left ventricular hyper- 
trophy in the presence of right bundle branch 
block was discussed in Chapter 9. When 
right ventricular hypertrophy is also present 
there may be a very high and wide R' present 
in Vj following a deep S due to left ventricular 
hypertrophy, while in other cases (Fig. 197) 
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the QRS complex of Vj may be represented 
only by a very high R wave; Vj shows no 
evidence of left ventricular hypertrophy. How- 
ever, the great height of the R wave in V# 
and V, still shows the evidence of left ven- 
tricular hypertrophy in these cases. 

Unfortunately the expected electrical effects 


of right and left ventricular hypertrophy do 
not always occur. Figure 198 is an electro- 
cardiogram from a patient with a very large 
heart due to an interatrial septal defect. The 
complexes arc small m spite of the fact that 
great enlargement of the right ventnek 2 nd 
probably also of the left arc present. 
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Children’s Electrocardiograms 

Our approach to children’s electrocardio- 
grams begins with the anatomic facts 
that in the newborn the right ventricle is 
at least as thick or thicker than the left 
ventricle, and that in the succeeding few 
months unless some congenital malformation 
of the heart is present, the relative thick- 
ness of the two ventricles changes to that 
seen in the adult. It follows, then that 


Fio. 196. Hypertrophy of both ventricles. 
Electrocardioerams of four patients who had 
rheumadc mitral stenosis and regurgitation. 
Note that the limb lead complexes in a corre- 
spond to those of the loop of Figs. 187 and 190a. 
The left precordial leads of tracings a and b 
show larger R’s than are generally seen in right 
ventricular hypertrophy alone. On the other 
hand, the limb leads of these tracings are sel- 
dom seen in left ventricular hypertrophy alone. 

Vi of tracings a and b result from the balance 
between two large effects. It shows neither the 
large R of right nor the large S of left ventricu- 
lar hypertrophy. 

c, d. Tracings on patients with vcnlied hyper- 
trophy of both ventricles due to rheumatic heart 
disease with the loop in counterclockwise rota- 
tion. In neither case is the right ventricular 
hypertrophy discernible from the electrocardio- 
gram. 

Note the wide notched P waves due to left 
atrial enlargement. The largest P waves are seen 
in Vi in these cases. In tracing d the P looks like 
a QRS complex. 

one might employ the diagrams of Figures 
187, 188, and 189 in reverse order to repre- 
sent the evolution of changes which occurs 
in normal children’s electrocardiograms from 
early infancy to childhood. It must be noted 
additionally (presumably because the infant’s 
heart is large in relation to its body) that the 
complexes in the precordial leads of chil- 
dren’s electrocardiograms may be rather large 
Mj and may be more like those seen in h)'per- 
trophy of both ventricles. A prominent R in 
V| is constantly present in the infant and R 
in Vj and Vg may also be large. 

The QRS complex is normally much nar- 
rower (0.04 second in the newborn and 0.06 
in young infants) than in the adult, and right 
bundle branch delay may be present, even 
when the QRS is no longer than 0.07 second. 

Thus, since infants’ and young chijdren’s 
electrocardiograms normally are like those 
which occur in right or right and left ventricu- 
lar hypertrophy it is necessary in most cases 
to watch for failure of the normal evolution 
of the electrocardiogram before conclusions 
regarding ventricular hypertrophy can be 
reached from the electrocardiogram alone. 

The age at which the various characteristics 
of the electrocardiogram change varies con- 
uderably so that it is not possible to be pre- 







Fio. 199. Proeression of changes in the electrocardiograms from one month to 
one year of age. Note changes of ratio of Ri to Si and the change m Vi from one 
moDih to one year. Some of the variation in the appearance of Vi is due to difference 
In placement of the electrode. 
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Fig. 200 Pro^essfon of changes in the elecirocardiogram from one month to 
twelve months Note changes in ratio of Ri to S< Compare with Fig 199, in which 
Si has already disappeared at twelve months Here the large R in Vi persists to one 
year, but such broad notched R waves in Vt are probably the result of right 
bundle branch delay. 


cise in interpretation on this basis. For ex- 
ample, the infantile form of the complexes 
m V, (prominent R and little or no S wave) 
may persist well into the second year or ionger 
m some individuals, while m others it may 
be replaced by a complex in which R and 
S are nearly equal before the a^e of one year 
(Figs. 199 and 200). It is important to note, 
too, that the same variation in the appearance 
of Vi can often be recorded in the same 
child at the same sitting by raising and lower- 
ing the position of the electrode. However, 
generally, persistence of a large R in Vj at 


one year of age raises suspicions of right 
ventricular hypertrophy, often erroneously. 

The same variation of changes with age 
seen in the precordiai leads is also seen in 
the limb leads. Characteristically until about 
one month there is a marked right axis devia- 
tion (to the right of 90®), (Figs. 199, 200, 
and 201), a small R and deep S in Lead 1, 
and a Q and large R in Lead III. Soon after- 
wards (Figs. 199 and 200) the R and S in 
Lead I are of about the same magnitude. On 
the other hand this latter pattern may be 
seen as early as one month (Fig. 202). It is 
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Fio. 201. Tracing commonly seen in first 
month of life Note small R and deep S in Lead 
I, deep Q and large R in Lead III, and large R 
In Vi with no S wave. 



Fra. 202. Tracings at one month (fe/r) and 
one year {right) on the same child. There is 
little difference between the two. In this child 
the tracing at one month has already reached a 
form which is not reached until one year in 
other children (Fig. 199). 




Fic. 203. a. Left axis deviation in a young 
lafant {5 months). Autopsy vertHed clinical 
diagnosis of tricuspid atresia Left axis deviation 
is due to the fact that right ventricle is nidi* 
mentary. b. Left axis deviation in a 5t^*year*oId 
cbiM. Marked Jefi ventncuJar hypertrophy was 
present due to a large interventricular septal 
defect. 


Fig. 204. Exaggerated right axis deviation 
and very large R in Vi at 8 months of age. Note 
also small R and deep S in V*. These findings 
are indicative of right ventricular hypertrophy 
at any age. The patient had a completely 
anomalous pulmonary venous return and an in- 
terauricular septal defect 
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Fio. 203. a, Hypertrophy of both ventricles in a child 2 years of age. The loop Is con- 
structed as Fig. 194c. The large R and S in the precordial leads (especially Vi and V.) are 
typical, as is the large rounded loop. V» shows neither the very large R typical of right 
ventricular hypertrophy nor the large S typical of left ventricular hypertrophy. 

b, Hypertrophy of both ventricles in a chUd 5 years of age. Again the limb leads show those 
characteristics (right axis deviation with large R's in 11 and HI) that are common in right 
ventricular hypertrophy (see loop of Fig. 190a). The small though broad R and the splintered 
relatively small S in Vt are due to the effects of combined hypertrophy; in right hypertrophy 
alone the R is larger, in left hypertrophy alone the S would have been deeper and the R 
narrower. Truncus Arteriosus. 

c. Right and left ventricular hypertrophy with right bundle branch block. The tracing is 
similar to that of Fig. 197. Autopsy showed Taussig-Bing syndrome. 


important to note, also, that this change bears 
no close relationship to the change io 
from a large broad R and small S to the 
later RS form. The form of the electro- 
cardiogram (limb and precordial leads) seen 
at 1 year is frequently the same as that seen 
at 9 or 10 years of age or even later. 

Left axis deviation in a young infant is 
not rare but may suggest left ventricular 
hypertrophy or tricuspid atresia (Fig. 203). 

Right ventricular hypertrophy, as outlined 
above, is difficult of recognition. The per- 
sistence of the very infantile tracing in the 
limb leads as late as one year, or an exag- 
geration of it earlier (Fig. 204) is highly 
suggestive. However, it must be emphasized 
that this refers only to tracings with large 
complexes, for even adults may normally 
have such clockwise rotations that Rj is very 
small and S] is relatively deep while Rn and 
R-itj are re)a\ive)y large (sec Fig. 46a, p. 66). 


Actually the very deep S in I Is the sig- 
nificant finding. 

Commonly when both ventricles are hyper- 
trophied at an early age (Fig. 205a) a huge 
loop like that of Fig. 188 results and is in 
clockwise rotation as in Fig. 194c. The pre- 
cordial leads correspond also more or less to 
those depicted for Fig. IS8b, 

T»IE T WAVE IN CHILDREN’S ELECTROCAROIO- 

CRAMS. The T wave of the child's electro- 
cardiogram differs notably from that of the 
adult only in the precordial leads. Generally 
the T wave is inverted in Vj, V 2 , and Vg 
and it is frequently diphasic in V 4 . This might 
be regarded as a result of the greater relative 
thickness of the right ventricle in early child- 
hood but the explanation is hardly acceptable 
because the finding persists long after the 
change to the adult ventricular architecture 
has been attained. As a matter of fact it is 
quite common in young adults and in females 
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Fjo. 206. Pulmonary embolism, b. Tracing taken within 15 min- 
utes after occurrence of massive pulmonary embolism. Note Si; RS-T 
shifts here are probably in part due to myocardial anoxemia, c. 
Tracing made IS minutes after b. 












RIGHT VENTRICULAR HYPERTROPHY 


237 


Fig. 207. a, Pulmonary disease. The paltent 
had pulmonary emphysema. No enlargement or 
hypertrophy of the cardiac chambers was 
present. Note low Ti and low R waves in pre- 
cordial leads. The same findings are present 
regardless of the direction of the mean QRS. 
b. Pulmonary emphysema. Left axis deviation 
due to vertical, counterclockwise, apex-back po- 
sition. c, Pulmonary emphysema. The tracing 
shows that even in the presence of left ventricu- 
lar hypertrophy (note wide QRS and QRS-T re- 
lationship) the pulmonary disease reduces the 
height of the R waves in the precordial leads. 
Distinction from an old anterobterai Infarct is 
impossible. 

(especially colored) even into the forties. No 
adequate explanation of this “juvenile** 
phenomenon is presently available. 

The Electrocardiogram in 
Pulmonary Embolism 

With large pulmonary embolism a char- 
acterlsUc change occurs in the electrocardio- 
gram (see Fig. 206). Generally the heart 
rotated clockwise causing an S wave to ap- 
pear in Lead I if it was not already present 
and increasing the S if it was already present. 
The R wave In Lead III becomes larger as 
a rule. Frequently when the S which appears 
in Lead I is broad and the complex is slurred 
the tracing appears to show a depression of 
the RS-T junction. In other cases, as shown 
in Fig. 206, an RS-T shift is actually present 
probably due to anoxemia. In the case shown 
in Fig. 206 death ensued rapidly. 

Electrocardiogram in Pleural 
and Pericardial E0usion 

In pleural and pericardial effusion the com- 

Fio. 208. Tracings before (a) and after (b) 
acute right ventricular ddabtion. The patient 
collapsed in the operating room and was in deep 
shock when b was made. The change in the R 
waves (lowering) in all leads is to be noted. In 
some cases of acute pulmonary edema with 
rapid heart rate and in some cases of auricubr 
flutter with rapid rate the R in Leads II and III 
may disappear and the QS’s remaining may be 
mistaken for evidences of infarction. When the 
rate slows the R’s reappear. Changes in rotation 
due to right ventricular dilatation may in part 
expbin these changes. 


plexes in both the Umb leads and the pre- 
cordial leads become quite small presumably 
due to short circuiting of the current through 
the fluid which has a greater conductivity 
than the lungs. 


<x b 
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In generalized anascarca there is also fre- 
quently a diminution of the complexes in all 
leads. 

The Electrocardiogram in Pulmonary Disease 
and in Cor Pulmonale 

It was first pointed out to us by Ashman that 
in persons with chronic pulmonary disease, 
(asthma, emphysema, tuberculosis) character- 
istic changes in the electrocardiogram may 
be seen. Figure 207fl and b are examples. The 
important features are small complexes, espe- 
cially the T wave, in Lead I even though the 
T wave in the left precordial leads is fairly 
normal (though it also is often small). Often 
the QRS complexes, like those of Fig. 41, 
4la are those of an apex-back vertical heart 
with counterclockwise rotation. 

In some of these cases the R waves arc 
quite small m the precordial leads and are 
not unlike those seen in some healed anterior 
or apical infarctions, and m right ventricular 
hypertrophy or dilatation (Fig. 208). The 
R waves in the precordial leads may be small 
even in the presence of left ventncular hyper- 
trophy (Fig 207e). 

The physiologic explanation of the pul- 
monary disease electrocardiogram is not yet 
available. It may involve change in conduc- 
tivity of the lungs. 

The same characteristic occurs in the 
tracings of persons with air cysts in the lungs 
and 10 pneumothorax (especially on the left 
side). 

In cor pulmonale the changes are those 
typical of right ventricular hypertrophy, exag- 
gerated by the above described effect of the 
pulmonary disease. In some cases the tracing 
is actually that of marked right ventricular 
hypertrophy (Fig. 209). 


Fro. 209. a. Cor pulmonale. Note similarity 
(low T in I and low R’s in precordial leads) to 
Fig 206. except in Vt. Vi shows a QR and no S. 
b. Cor pulmonale with extreme hypertrophy of 
the right ventricle which in this case was thicker 
and larger than the left. Note similarity to 
tracing of pure pulmonic stenosis. 


13, Disturbances of the Cardiac 
Mechanism 

by 

Richard Ashman, Ph. D.' 


Disturbances of the cardiac mechanism, itv- 
volving a change in rate or irregularity of 
rhythm, may have either a physiologic or a 
pathologic basis. 

Sinus bradycardia is a normal phenomenon, 
observable in nearly 40 per cent of normal 
adult males at rest. The heart beat originates 
in the usual place, the sinus node, and the 
wave of excitation is transmitted through the 
heart in normal sequence by the normal 
pathways. The slow rate, arbitrarily set at any 
rate below 60 beats per minute, is simply due 
to enhanced activity of the vagus nerve and 
to reduced sympathetic activity. Rates as low 
as 28 beats per minute have been reported, 
but rates below 40 are rare. 

5/nui tachycardia, arbiianly defined as a 
rate above 100 per minute when the mechan* 
ism is normal, is commonly, as during exer* 
cise, associated with reduced activity of the 
inhibitory fibers of the vagus, and increased 
activity of the cardiac sympathetic fibers. In 
fever or thyrotoxicosis other factors are 
present, fn infants and young children it 
would seem well to abandon the term sinus 
tachycardia for rates slightly in excess of 
100 per minute. 

As the heart rate increases in sinus tachy* 
cardia, the P waves and QRS complexes lend 
to become narrower, and the P-R interval 
may be diminished from the average (In 
adult males) of 0.16 second to 0.13 or even 
0.12 second. In contrast it may be noted that 
there Is little tendency for the P-R interval 
to lengthen in sinus bradycardia. In sinus 
tachycardia, as a rule, the P waves become 
higher and more pointed. This may occur 
even during the periods of cardiac accelera- 

• Director, Heart Station of Charity Hospital, 
New Orleans. 


tion in sinus arrhythmia. Frequently, perhaps 
especially after exercise, as the heart rate 
goes up, the amplitude of R waves goes down 
slightly. 

]| is noteworthy that in the tachycardia of 
thyrotoxicosis the P-R intervals are not 
shortened, nor are the P waves narrowed. 
This is probably due to the fact (hat here the 
augmented rate is not primarily of nervous 
origin. 

Sinus arrhythmia is a more or less regular 
increase and decrease in the heart rate (Fig, 
210), usually associated with respiratory move- 
ments. Acceleration occurs during inspiration 
and retardation during expiration. Though 
this has been attributed to a “spilling over" 
of nerve impulses from respiratory to cardio- 
inhibitory or acceleratory centers in the 
medulla, (he primary cause of the respiratory 
arehythmia is probably reflex. On inspiration 
(he ou(pui of the left ventricle is reduced 
slightly and more blood is drawn into the 
thorax. The consequence is greater fullness 
of the ri^t auricle and great veins and a 
slight fall in arterial blood pressure. The first 
effect augments the “Bainbridge” reflex; the 
second reduces (he inhibitory action of the 
carotid sinus and aortic nerve (moderator) 
reflexes. Vagus action is reduced and the 
heart accelerates. In expiration the reverse 
effects occur. It is Unlikely that the sympa- 
thetic nerves play any important role in sinus 
arrhythmia. 

Even Into old age slight arrhythmia may be 
present, but it is most marked in children and 
adolescents. On deep, slow breathing the 
longest cardiac cycles may be over twice the 
length of the shorter ones. 

In general, the more rapid the heart rate 
the less the sinus arrhythmia. Hence it is in- 
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conspicuous or practically absent when the 
heart rate is high. In defining high rate, age 
must be considered. 

In normal children or adolescents no 
measurable variation in length of the P-R 
interval is associated with the arrhythmia. 
This fact tends to confirm the absence of 
variations in sympathetic activity as a cause 
of the arrhythmia. (Mild fluctuations in 
vagus tonus within ordinary heart rale ranges 
hardly affect A-V conduction time in the 
normal heart. One will occasionally observe 
a child with rheumatic carditis in whom a 
fairly marked sinus arrhythmia is present. In 
some of these cases, although the P-R in- 
terval is within the normal range, a measur- 


Tke Refractory Period 

A number of phenomena that appear in 
various disturbances of the cardiac mechan- 
ism cannot be explained without an under- 
standing of the refractory period. During the 
time that heart muscle is depolarized, and 
almost until the time of its full repolarization, 
an applied physiologic stimulus, however 
strong, will evoke no response or beat. Hence 
in the period of full or partial depolarization 
the muscle Is absolute refractory. If a strong 
stimulus be applied just as repolarization is 
being completed, a beat is evoked. In healthy 
cardiac muscle, for a short period after the 
end of the absolute refractory period, the 



FiQ. 210. Sinus arrhythmia. 


able increase in that interval will occur (and 
should be confirmed in several different leads) 
at the ends of the shorter cycles. Since this 
is clearly not a vagus effect, it is attributable 
to a prolongation of the relative refractory 
period of the A-V junctional tissues. So far 
as we are aware, no systematic study of this 
indication of rheumatic carditis has been 
made by having suspected cases breath deeply 
and slowly to augment the arrhythmia. This 
same phenomenon may appear after full or 
somewhat excessive digitalization in the ab- 
sence of disease. Changes in F-wavc amplitude 
commonly accompany the rate fluctuations in 
sinus arrhythmia. It is for this reason that 
several leads should be observed to determine 
whether apparent variations in P-R interval 
are real. 

Occasionally in sinus arrhythmia, A-V 
nodal escaped beats may Icrminaie some of 
the longer cycles. This is not evidence of 
disease. 


stimulus must be strong to elicit a contraction; 
a tittle later the resting excitability is restored. 

With respect to conduction of the wave of 
excitation, no wave, of course, can be con- 
ducted during the absolute refractory period. 
Very early during the relative refractory 
period, when a stronger stimulus is needed, 
the vcloaty of conduction is slow, becoming 
progressively faster and faster as the relative 
refractonness approaches its end. 

In the ventricular muscle it may readily 
be inferred that the absolute refractory period 
is as long as the interval from the beginning 
of QRS to about the apex of the T wave. In 
man, when the heart rate is 60/minute, this 
is about 0.30 second. In auricular musefe the 
absolute refractory period is less than half 
this, and the relative refractory period is here 
rather unimportant. Under the strong in- 
fluence of the vagus nerve, the refractoriness 
of auricular muscle is shortened to a small 
fraction of its ordinary duration. The in- 
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hlbltory fibers of the vagus do not innervate 
the ventricles, and the nerve, therefore, has 
no direct effect on the ventricular refractory 
period. 

In connection with electrocardiography, 
certainly the most important of the factors 
influencing the duration of the refractory 
period is heart rate. We have already noted 
that the period in the ventricles and, prob- 
ably, A-V node and bundle, is about as long 
as the interval from Q to the apex of T. The 
downstroke of the T v^ave lasts about 0.08 
second. It follows, therefore, that Table B 
(Appendix II), relating the Q-T interval to the 


emphasis. Fig. 211 was prepared. The mono- 
phasic curves are those which might be re- 
corded by appropriate means from ventricular 
muscle. The duration of each curve is, 
roughly, the duration of the absolute refractory 
period of the muscle, were it uninjured. 

For purposes of illustration in Fig. 211, 
we may assume a basic heart rate of 46.2 
beats per minute, giving a cycle of 1.30 
second. With each systole terminating cycles 
of this length the absolute refractory period 
is taken as 0.34 second, as shown by the 
horizontal bars just below the first monophasic 
curve of the upper group, and the first two 
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Fio. 21 1. Effect of rate on the refractory period. 


heart nite, may also serve as a crude index of 
lb? w.nt'-.irwla’- .4.* 

each rate, or cycle length, one simply sub- 
tracts about 0.08 second from the Q-T 
interval. Thus, in the male, at cycle 1.00 sec- 
ond, the period ts 0.306 second; at cycle 0 50 
second, the period is 0.203 second, etc. 

If this estimate is correct, no ventricular 
premature beat can arise before the peak of 
the T wave, since to that point, all the muscle 
is refractory. The observed facts agree. Pre- 
mature beats may start (since early slow con- 
duction from focus of origin will not be 
shown) just after the peak of the T wave. Of 
course, they may, and usually do, arise later. 

In order to give a graphic representation 
of the effect of rate (or cycle length changes) 
on the refractory period, and for purposes of 


of the lower group in the figure. The mono- 
^ha.sir ruiw-s ji.rp ve-T' _sly»ht.l,v jlbao 

this in duration. Following the cycle of 1.30 
second (upper row of curves) a “premature 
beat” occurs after a cycle of 0.55 second 
(as shown). The refractory period of this 
beat is given as 0.27 second. Following this 
premature beat, another occurs after a cycle 
of 0.35 second, and the associated refractory 
period is 0.18 second. We may now turn to 
the lower group of curves. After the end of 
the regular cycle of 1.30 second, a premature 
beat occurs at the end of a cycle of 0.35 
second, as docs the second premature beat of 
the upper row. But, as shown, the associated 
refractory period is 0.12 second, not 0.18 
second as in the upper series of curves. This 
is a most important fact, especially in rela- 
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tion to conduction of impulses, as will be 
shown below. The diagram demonstrates that 
it is not the mean heart rate, or average 
cycle length, that determines the duration 
of the refractory period associated with each 
systole, but rather the time between the end 
of one refractory period and the beginning 
of the next. In this example of Fig. 2II, one 
cycle of 0.3S second is ended by a systole 
with a refractory period of 0.18 second, and 
another cycle of 0.35 second is ended by a 
systole whose refractory period is 0.12 second. 
Hence, if we are to analyze the effect of 
refractoriness on conduction, as in auricular 
premature beats, the duration of the “ante- 
cedent" cycle must be taken into account. In 


bc^nning of the next, causes all the refractory 
penods to be short, so that the A-V node, 
bundle, and ventricles can respond to every 
impulse from the auricles, and all the im- 
pulses are conducted. 

Figure 212 illustrates what happens when 
a paroxysm of supraventricular tachycardia 
begins, though here the rate chosen is 200 
per minute. (The figure may, alternatively, be 
regarded as showing the conduction of three 
successive auricular premature beats). In this 
figure horizontal distance corresponds to time, 
as on the electrocardiogram. The upper hori- 
zontal line is the boundary between the sinus 
node and the auricular muscle, conduction 
through which is shown just below. The upper 
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Fio. 212. P-R latervai variations in auricular premature 
beats. 


the upper part of Fig. 211 this antecedent 
cycle is 0.55 second, in the lower part, 1.30 
second. The figure does not exaggerate the 
actually observed phenomena, though it Is 
not very precise. 

We may recall that the auricular absolute 
refractory period and systole arc usually 
much shorter than those of junctional or 
ventricular muscle. For this reason, when 
the auricles are accelerated within the phyrio- 
logic range, the degree of shortening of the 
auricular refractory period is much less than 
it is m junctional or ventricular muscle. 

When the heart as a whole is greatly accel- 
erated, as in auricular paroxysmal tachy- 
cardia, the great diminution in cycle length 
(to 0.25 second at a rate of 240 per minute), 
and the great decrease in the interval between 
the end of one refractory period and the 


line of black areas marks the junctional tis- 
sues, conduction times through them, and 
duration of their refractoriness with succes- 
sive beats. The lower dark areas do the same 
for the ventricles. Below is a diagram of the 
electrocardiogram, with P-R Intervals indi- 
cated under it. 

The diagram begins with the emergence of 
a regular impulse from the sinus. The oblique 
line (near A) shows the passage of the im- 
pulse through the auricular muscle to the 
A-V node (part of the junction). This takes 

0 04 second. The slope of the line changes, 
corresponding to the lower velocity of con- 
duction in the junctional tissues, which the 
impulse traverses in 0.12 second, giving a 
P-R interval of 0.16 second. 

The duration of absolute refractoriness in 

1 and V is here indicated as over 0.25 sec. 
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The stippling roughly approximates the in- 
tensity of relative refractoriness, and its dura- 
tion as indicated, is short. 

In 0.6 second after this first “beat,** a 
second, regular beat appears. All the events 
are repeated, and the P-R, of course, is again 
0.16 second. After another 0.3 second, an 


other 0.3 second. Although its prematurity 
is the same as that of the first premature beat, 
it finds conductivity in the upper J nearly 
normal. Moving rapidly at first, it runs into 
relatively refractory muscle and is slowed 
down. TTiis is shown by the curvature of the 
left margin of the black area. The most im- 



Fio. 213. Auricular premature beats. Note that the double cycle b containing the auricular 
premature beat is shorter than the double cycle a of two usual cycles* length. 


auricular premature beat arises (not emerging 
from the sinus) . Its impulse reaches the junc- 
tion (J) while it is strongly relatively refrac- 
tory. Hence, in the upper end of J It is 
conducted very slowly, as is indicated by the 
slope of the left hand margin of the black 
area. Because it at first moves so slowly, by 
the time it reaches the lower part of the 


porlan! point to note is that, because the 
first premature beat had a very short re- 
fractory period, the P-R interval for this 
second premature beat is not 0.30 second, 
but (as assumed) 0.2S second. What happens 
with a third premature beat is sufficiently 
indicated by ihe diagram. Its P-'R may or may 
not be slightly shorter than 0.25 second. If 






Fro. 214. Auricular premature beats of varying degree of prematurity. A number of the 
premature P waves are labeled, o. The beats, a,, a,, at, and a> precede the peaks of the T waves 
on which they fall and the impulses are blocked Other P waves, as for example at, fall on or 
just after the peak of a T wave, and the P-R intervals are much prolonged. In other instances, 
as at, the premature beats fall later, and prolongation of the P-R interval in less. 


junction, relative refractoriness has nearly 
vanished, and the impulse moves with almost 
normal velocity. But the P-R has become 0.30 
second, instead of 0.16 second. Note how 
very brief the absolute refractory period here 
is in the upper part of the J, and how it rapidly 
becomes longer as the interval between it 
and previous refractoriness increases. Note, 
too, how greatly the ventricular absolute re- 
fractory period Is shortened. 

A second premature beat arises after an- 


this incipient paroxysm continued, conduction 
through J would soon become regular, but 
P-R would continue to be longer than the 
normal (for this case) 0.16 second. If a fall 
in blood pressure occurs as a result of the 
Ugh heart rate (assuming the paroxysm to 
continue) “reflexly” augmented sympathetic 
and decreased vagus activity might operate to 
restore the P-R interval almost to its normal 
of 0.16 second. 
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Fio. 215. To demonstrate that the effect of 
degree of prematurity of the auricular prema- 
ture beats and the duration of the P-R interval 
U not a haphazard one. the P-R interval for a 
number of the premature and regular beats of 
Fig 214 were plotted against the R-P intervals. 
Each point corresponds to an individual beat. 
Note that as the R-P (or rest) interval in- 
creases the P-R interval decreases, approxi- 
mately along the course of the solid curve. 
Minor discrepancies are due to two (maybe 
three) factors: (1) Difficulty in measuring in- 
tervals with great accuracy; (2) Failure to at- 
tempt correction in accordance with the dura- 
tion of the "antecedent" cycle (see Figs 211 
and 212), (3) Possible intervention of slight 
fluctuation in nervous or other influences The 
curve of this figure is typical and is always 
observed if account be taken of possible inter- 
fering factory. 

There will be occasion to return briefly 
to these principles later in this chapter. 
Premature Beats {or Extrasystoles); 

Ectopic Beals 

AURICULAR PREMATURE BEATS In theory 
these may arise from any part of the atrial 
muscle. In some instances premature beats 
may come from some part of the sinus node, 
as IS indicated by the "sinus" form of the 
premature P waves, but this situation is not 
of clinical importance. A common site of 
origin appears to be near the upper margin 
of the A-V node, when the P wave will be 
inverted in Leads II and III, and these may 
be called A-V nodal, rather than auricular. 
But again, the distinction is neither certain 
nor important. 


As the name indicates, a premature beat is 
one that arises earlier than the scheduled 
time of appearance of a regular beat. It may 
just anticipate the scheduled beat or it may 
arise as early as about 0.25 second after the 
beginning of a previous, regular P wave, or 
it may appear later. 

If the premature beat arises in any part of 
the auricular muscle other than the sinus 
node, the associated wave of excitation spreads 
through the muscle in all possible directions 
to arrive at both the sinus and the A-V 
nodes. Usually, it enters both these nodes. 
The sinus node is, therefore, caused to respond 
prematurely and becomes depolarized. It 
then begins again to "build up” another sinus 
impulse, which may be “discharged" after a 
period of lime corresponding to the regular 
cycle length. For this reason, there is no full 
compensatory pause (see below, ventricular 
premature keats). Consequently, when the 
times occupied by the two ventricular cycles 
(that terminated by the premature beat and 
that following it) are summed, the sum is 
less than the sum of the times of two regular 
cycles. This is illustrated in Fig. 213. 

From the foregoing paragraph, one might 
expect the auricular cycle following the pre- 
mature beat to have the same length as a 
regular cycle. But the fact is that this cycle 
is usually increased, partly by the added time 
required by the wave of excitation to travel 
from the focus in which the premature beat 
arose to the sinus node, and partly by un- 
known factors, which may Well include a 
reflex vagus slowing induced by the premature 
beat, which has not let arterial pressure fall 
to its usual lowest diastolic level. 

A very premature (early) auricular .beat 
may be blocked at the A-V node, even in the 
normal heart. But if a beat which appears 
just before the peak of the T wave or later 
is blocked one is justified in suspecting a 
pathologic change in the junctional tissues. 

The P-R interval associated with the auric- 
ular premature beat may be shorter, equal to, 
or longer than the P-R interval seen else- 
where on the tracing. If, as is frequent, the 
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premature beat arises near the A-V node (the 
P wave being inverted in Leads II and I!I)» 
and if the beat is not very premature, the P-R 
may be shorter than the other regular inter- 
vals, because the wave does not have to 
traverse the auricular muscle from the «nus 
to the A-V node, which requires about 0.04 
second. If the premature beat is more pre- 
mature, the P-R interval is usually increased, 
and may even be doubled. Again, if the P-R 
is much prolonged when the premature P 
wave appears near or after the end of the T 
wave, one may suspect a pathologic change in 
the junctional tissues. Figures 214 and 215 
demonstrate that the impulses of earlier auricu- 
lar premature beats are conducted to the 
ventricles more slowly than the impulses of 
later ones. 

Interpolated auricular premature beats may 
occur but are unusual. In such a case the 
wave of excitation, traveling from the ectopic 
focus to the sinus node, is blocked so that it 
does not enter and depolarize the node. The 
sinus node, therefore, releases its next impulse 
on schedule, the premature P wave, therefore, 
occurring between two regular, successive, 
sinus F waves. 

Because of the almost continuous auricular 
activity in auricular flutter or flbrillation, 
auricular premature beats could hardly arise, 
nor could they be recognized as such in the 
latter condition. They may, of course, appear 
in A-V nodal rhythm. 

Sometimes, though rarely, an auricular pre- 
mature beat will appear when a patient takes 
a deep breath, though none appear elsewhere 
on the tracing. 

Aberration in conduction in the ventricles 
is common in auricular premature beats, and 
in not less than 85 per cent of the instances 
it is due to “delay” in conduction or block- 
age in the right bundle branch. This definitely 
does not indicate disease. Other things being 
equal, the change in the QRS complex is 
greater the earlier (in one and the same per- 
son) the premature beat. Even complete right 
bundle branch block (for this one beat, of 
course) is by no means infrequent. ^Vhcn the 



Fio. 216. Nodal premature beats. The in- 
verted P waves in Leads 11 and III characterize 
the nodal premature beats in this tracing. Note 
that the P-R interval following the inverted P 
waves is shorter than the other intervals. Ven- 
tricular premature beats are also present. 

aberration is due to “delay" or blockage in 
the left bundle branch, it is probable that 
left ventrcular disease is present. The fre- 
quency of right bundle branch block in these 
instances poses an interesimg problem. It 
would be unsafe to assume that the right 
branch actually has a longer absolute refrac- 
tory period than other cardiac muscle. The 
more probable explanation is that, perhaps 
because of its small caliber, the right branch 
does not conduct the impulses freely even 
during the late relative refractory period. 

JUNCTIONAL PREMATURE BEATS. Unless 
there is retrograde block between the A-V 
node or bundle, and the auricles, junctional 
premature beats will be associated with in- 
verted (and prematurely occurring) P waves 
in Leads II and III (Fig. 216). As a prac- 
tical, though not infallible, means of distinc- 
tion, if the apparent P-R interval is 0.05 
second or more shorter than the P-R interval 
on the rest of the record the premature beat 
may be called junctional. Sometimes the con- 
duction lime from the junctional focus back 
to the auricles approximately equals the con- 
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duction time to the ventricles, and the in- 
verted P wave may therefore be quite lost in 
the QRS complex. If the retrograde conduc- 
tion time is the longer, the P wave will ap- 
pear at the end of the QRS complex or in the 
RS-T segment. The duration of the cycle fol- 
lowing the premature beat may or may not 
equal a regular cycle. Aberration may occur, 
as with auricular premature beats. If the pre- 
mature beat arising in the junctional tissues 
is blocked on its passage back toward the 
auricles and if aberration is also present, the 
beat will be indistinguishable from a ventricu- 
lar premature beat. 

VENTRICULAR PREMATURE BEATS. These are 

the most common form of premature beats, 
and those most likely to appear with a deep 
breath, when not seen elsewhere on the rec- 
ord. 

Typically, (he ventricular premature beat 
appears on the record as a single premature 
beat of right or left bundle branch block 
form, or the wide QRS complexes arc typical 
of neither of these. If (he form is like that 
seen In right bundle branch block, a left 
ventricular origin of the premature beat is in- 
dicated, and vice versa. The beat may appear 
just after the apex of the T wave of the pre- 
vious beat or at any later time up to the mo- 
ment of arrival in the ventricle of the next 
sinus impulse. Characteristically, the beat 
arises at a time that permits the associated 
wave of excitation to pass back from the ven- 
tricle by way of the A-V bundle branch into 
the A-V node, which is, therefore, refractory 
when the next sinus impulse reaches it from 
above. Consequently, this sinus impulse is 
blocked, and the ventricles must usually await 
the next following sinus impulse before beat- 
ing again. As a consequence of this usual oc- 
currence, the sum of the durations of the 
cycles preceding and following the premature 
beat IS equal to the sum of the durations of 
two regular cycles. Hence, the pause or cycle 
following the ventncular premature beat is 
said to be compensatory, in contrast to the 
usual event in case of auricular premature 
beats. As stated, unless the beat arises in the 


septum and reaches both ventricles simulta- 
neously, the QRS complex is widened to 0.13 
second or over, and, of course, secondary T 
wave changes also appear. 

Not infrequently the wave of excitation 
passes from the ventricles back into the au- 
ricles (retrograde conduction) as indicated by 
the appearance of inverted P waves in Leads 
II and HI. These P waves follow the begin- 
ning of the premature QRS complex by some 
0.13-0.18 second, as a rule. The retrograde 
impu’ses rarely reach the sinus node early 
enough to disarrange its schedule appreciably. 

Ventricular premature beats may often be 
seen whose associated impulses pass back into 
the A-V node, where they are blocked, not 
reaching the auricles. The next sinus impulse, 
when the heart rate is slow, may reach the 
A-V node after it has recovered from its re- 
fractoriness and therefore pass on to the ven- 
tricles, usually With some delay. Such ven- 
tncu’ar premature beats are interpolated! 
that is. the beat is sandwiched In between 
two responses to successive sinus impulses. 
Typically, because of the slower conduction 
of the sinus impulse following the interpolated 
beat, the ventricular (double) cycle within 
which the premature beat is interpolated is 
longer, and the following ventricular cycle 
shorter, than a regular cycle (Fig. 217). 

The retrograde impu'se from a ventricular 
premature focus depolarizes the A-V node 
prematurely as a rule. This node may there- 
fore not await the next impulse from the 
sinus, but may initiate a beat before the ar- 
nval of the next sinus impulse. This is an 
escaped beat. Sometimes a focus in the ven- 
tncles may escape, ending the "compensatory 
pause" prematurely. 

If a ventricular premature beat arises so 
late that the regular sinus impulse is already 
entering the A-V node, the retrograde im- 
pulse does not reach the bundle or opposite 
ventricle before the impulse of sinus origin 
enters the opposite ventricle. Hence, although 
the initial portion of the QRS complex of the 
premature beat is like that portion of other, 
earlier premature beats on the tracing, it is 
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Fio. 217. Ventricular premature beats. Note that cycles a and e, containing interpolated 
ventricular premature beats, are longer than the following cycles b and d respectively. This is 
due to the fact that conduction of the sinus beats following the interpolated premature beats 
occurs during the relative refractory period of the junctional tissues and ts. therefore, prolonged. 
Note, also, that when a ventricular premature beat (last in second row) occurs late the P wave 
of the scheduled sinus beat falls long before the peak of the T wave of the premature beat and 
is, therefore, not conducted. 


cut short or narrowed. This QRS complex 
may be referred to as combined. The ob- 
served P-R interval is shortened slightly. In 
combination part of the ventricular muscle 
has responded to the ectopic focus, part to 
the supraventricular impulse. Sometimes the 
"combined” complex differs only slightly from 
the QRS complexes characteristic of the pa- 
tient, and the shorter P-R interval typical in 
combination may not be apparent. These 
seemingly "aberrant” complexes may be puz- 
zling unless this possibility is kept in mind. 

When two or more ventricular premature 
beats occur in succession, we speak of mul- 
tiple ventricular premature beats. 

When a number of ventricular premature 
beats appear on a tracing, and differ in form 
in a single lead more than can be accounted 
for by respiratory movements, etc,, the dif- 
ferently shaped complexes usually arise from 
different ventricular foci. We speak of multi- 
focal ventricular premature beats. Caution is 
needed here. If one premature beat, for ex- 
ample, is very early, beginning within 0.05- 
0.07 second after the peak of the T wave, 
whereas another arises later, they may arise 
from the same focus but differ consideraly 
in form because the conditions for conduc- 
tion in the ventricles differ when they arise. 
But this factor will hardly cause very great 
differences in the forms of the QRS-T com- 


plexes, such as appear when the foci are in 
different ventricles. 

Bigeminy is spoken of when every other 
venirjcular beat is premature whether of ven- 
tricular or auricular origin. 

The term trigeminy is used when every 
third ventricular beat is premature or when 
a beat of sinus origin is regularly followed 
by two premature beats. 

PARASYSTOLIC PHENOMENA. An adequate 
discussion of parasystolic phenomena would 
take several pages. Hence, the discussion here 
will be limited to the commonest and most 
readily demonstrable example. A focus, or 
group of cells (possibly a cell rest) is pres- 
ent within the ventricles, which is capable of 
automatic, independent "beating.” In the typi- 
cal instance, the regular impulses of supra- 
ventricular origin are prevented from enter- 
ing the parasystolic focus by what Rothberger 
and Kaufman called “entrance blocks.” Yet 
impulses originating within this focus may 
pass out to the surrounding muscle when it 
is not refractory; that is, “exit block” is ab- 
sent. 

In this simplest instance, the tracing is 
characterized by ventricular premature beats 
that follow the complexes of the regular beats 
at all possible time intervals, with “combina- 
tion” complexes appearing on a long record. 
When the intervals from one premature beat 
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Fio. 218. A-V nodal rhythm. Note inverted 
P waves in Leads II and III and short P-R 
intervals. 


to another are measured, it is found that each 
1 $ a multiple of some least common divisor. 
An assumed example will make this clearer. 
Suppose the intervals mentioned above are 
7.2, 4.9, 3.5, 8.3, 2.4, 9.6, etc. Each interval 
is divisible, not quite exactly, by 1.2 sec., 
which would be the cycle length of the para* 
systolic focus, which is not absolutely regu- 
lar. This, and other possible physiologic fac- 
tors, prevent the interval from being exact 
multiples of 1.2 see. If, in the series of inter- 
vals between the premature beats, one also 
found 5.4, 2.9, 7.8, 3.2, etc., which are not 
nearly divisible by 1.2, either one is not deal- 
ing with a parasystolic focus or its rhythm is 
so disturbed that no proof of its existence 
IS obtainable. Gouaux and Ashman observed 
the phenomenon m a 9-year-old boy, who 
had no heart disease.* Many hundreds of pre- 
mature beats were observed, under a wide 
variety of conditions. Only one expected pre- 
mature beat failed to appear when it was 
scheduled. The condition lasted at least two 
years Other examples of the phenomenon, 
probably transitory, have been reported in 
damaged hearts. 

Ectopic Rhythms 

When some part of the heart muscle other 
than the sinus node becomes the pacemaker, 
we are dealing with an ectopic rhythm. The 
paroxysmal tachycardias are not included 

• Unpublished Report. 


under this heading because the actual mech- 
anism is often not an ectopic rhythm, and, 
of course, the “circus” mechanism, auricular 
flutter, and fibrillation do not belong in this 
category. 

AURICULAR RHYTHM. Electrocardiograms 
which suggest that the pacemaker is in the 
auricular muscle, not near a node, are rare. 
Such a mechanism may be assumed, for ex- 
ample, if the P waves in Lead I (assuming 
the technic is correct and dextrocardia ab- 
sent) are all sharply inverted. 

It IS not uncommon to observe marked 
changes in P waves at different times m the 
same patient. In most such instances, the in- 
dications are that the site of the pacemaker 
within the sinus node has changed, rather 
than that a true ectopic pacemaker has been 
esublished. 

A-v NC®AL RHYTHM. When the pacemaker 
is located m the A-V node, the P waves are 
inverted m Leads II and HI and usually very 
low m Lead I. As a rule, the P-R interval is 
short (Fig. 218). In most instances of A-V 
nodal rhythm the pacemaker appears to be 
located practically at the boundary between 
auricular and A-V nodal muscle, the P-R 
interval in the individual being about 0.04 
second shorter than in “normal” sinus rhythm. 
If the pacemaker is located lower in the node, 
the P-R interval becomes still shorter, or the 
P waves may be lost within the QRS com- 
p'cxes, or even appear on the RS-T segments 
following the QRS complexes. In the last 
case Uie only safe conclusion to draw is that 
retrograde conduction (from pacemaker to 
auricles) takes much longer than “forward” 
conduction from pacemaker to ventricles; but 
a probable location of the pacemaker is then 
in the A-V bundle. 

Although A-V nodal rhythm that persists 
for hours, days, or even permanently is seen, 
in most instances the phenomenon is tran- 
sitory, even appearing and disappearing on 
one tracing. There are two circumstances that 
may cause a period of A-V nodal rhythm to 
appear: (1) The sinus node becomes slower 
and the inherent automalicity of the A-V 
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Fio. 219. To illustrate a phenomenon that has been called shifting pacemaker, the false 
assumption having been made that the pacemaker actually “migrates" from one node to the 
other. In beat J the pacemaker is in the A-V node and the impulse goes backward to the 
auricles, producing inverted P waves in Lead II and III. Ventricular response occurs also. With 
beat 2 (either because the A-V nodal pacemaker is slowing or the sinus increasing its rate) 
an impulse arises from the sinus node before the node is reached and depolarized by the 
impulse of A-V nodal origin. Since part of the auricular muscle is activated from the sinus 
node, the form of the P wave is changed. With beat S. more of the auricular muscle is activated 
from the sinus node, and the P wave is mainly upright. Finally, with beat 5, the sinus has 
become pacemaker for the whole heart and the typical upright P wave is present. 

or less regular intervals, a sinus impulse will 
reach the A-V node after it has recovered 
from its refractoriness, and will enter and 
pass to the ventricles, usually with delay. The 
ventricles, therefore, beat prematurely, though 
the QRS-T complexes are usually of the same 
form as the others. 

A-y Heart Block 

BLOCK RESULTING SOLELY OR MAINLY FROM 
HIGH AURICULAR RATE. This is Observed in 
auricular flutter, auricular fibrillation, and in 
rare instances of auricular (paroxysmal) 
tachycardia. Briefly, since the refractory pe- 
riod of auricular muscle is about half as long 
as that of A-V nodal or ventricular muscle, 
the auricles may respond at rates that the 
A-V node cannot follow, although it must 
be noted that when the auricular rate in 
flutter Is not exceptionally high, 1 : 1 A-V 
conduction may be present for a time after 
the onset of the flutter, and 1 : 1 conduction 
may appear when the flutter rate is slowed by 
quinidine. 

The problem of block resulting from high 
auricular rate, however, is complex and will 
be considered below in the appropriate places. 
The point to be stressed here is that a partial 
A-V block in the above-mentioned conditions, 


node causes it to assume the pacemaker role. 
(2) The automaticiiy of the A-V node in- 
creases, so that it usurps the role of pace- 
maker. No sharp line can be drawn between a 
period of A-V nodal rhythm due to this 
cause and a period of nodal or junctional 
tachycardia. 

A-V nodal rhythm is likely to appear early 
in atropiniaatioo. 

VENTRICULAR RHYTHM. It IS theoretically 
possible for a pacemaker in the ventricular 
muscle to assume control of the heart’s 
rhythm, the wide QRS complexes each being 
followed by a P wave. The P waves will be 
inverted in Leads II and III. 

SHIFTING PACEMAKER. The phenomenon 
that has been called shifting pacemaker is 
described in the caption to Fig. 219. 

DISSOCIATION DUE TO INTERFERENCE (IN- 
TERFERENCE dissociations). This is a 
phenomenon, rarely seen except after full 
digitalization, in which three conditions 
are simultaneously present: (1) The ven- 
tricles are responding to a pacemaker in 
the A-V node; (2) retrograde block Is pres- 
ent, so that impulses do not pass back from 
the A-V node into the auricles; (3) the au- 
ricular rate is typically lower than the ven- 
tricular. Under these circumstances, at more 
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Fio. 220. A-V block. Prolonged P-R interval. Here the P-R i» pro- 
longed greatly so (hat the P waves are superimposed upon the T waves 
of the preceding beats. This is clearest in Lead II. but tbe notching of 
the T waves in (he other leads in the absence of anything else which 
might be a P wave should suggest tbe possibility. 


unless of high degree, is not evidence of 
pathologic change in the junctional tissues. 

A-V BLOCK DUE TO CHANGES IN THE JUNC- 
TIONAL TISSUES. Prolonged P-H [ntervab. 
The name first degree A-V heart block has 
been applied to the phenomenon of prolonged 
P-R intervals, but that term is not employed 
in this book. The P-R interval will equal or 
exceed the upper limits of the normal, as 
given in Table 1, in about one person in a 
hundred, but P-R intervals up to 0.24 second 
or even longer in adults are not necessarily 
evidence of heart disease (Fig. 220). Non- 
pathologic prolongation may appear during 
recumbency, disappearing when the pahent 
sits or stands. Prolongation of the P-R inter- 
val may be permanent and unchanged in ex- 
tent for years, or it may be transitory, as 
often after posterior infarction or in rheu- 
matic fever. It may be induced by digitalis ia 
some cases, but it is rare for therapeutic dos- 


age to prolong the intervals above those of 
Table I. 

Low-grade Partial A-V Block (Dropped 
Ventricular Beats). For purposes of discus- 
sion, reference may be made to the diagram 
of Fig. 22M. On the left and above, the au- 
ricles; on the right and below, the ventricles; 
between, the junctional tissues. The line be- 
tween A and ff t's the fevcf (plane! at which 
the blocked impulses (waves of excitation) 
are stopped. We shall begin with a 4-3 A-V 
block as m Fig. 22111. We assume the au- 
ricles are beating regularly in response to the 
sinus node; and we shall fix our attention 
upon a number of successive sinus impulses 
which may, chronologically, be called I, 2, 
3, 4, 5, 6, etc. We shall further suppose that 
one »nus impulse arises every 0 60 second 
(auricular rate being lOO/minute). That part 
of the junction marked B (Fig. 22M) is most 
injured or depressed. An impulse, 1, ep- 
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preaching the line between A and B arrives, 
causes B to respond (become depolarized), 
and moves on to the ventricles, the P-R in- 
terval being, for example, 0.20 second as 
shown in Fig. 211Z?. One cycle length later 
impulse 2 arrives at B. Now, B was depressed 
when impulse 1 arrived. Its response to im- 
pulse 1 left it more depressed (metabolic 
products not normally disposed of). By hy- 
pothesis, however, B responds to impulse 2, 
which, therefore, goes through B to the ven- 
tricles. The P-R interval may’have increased 
to 0.27 second, since B was more depressed 
and less able to conduct when 2 arrived than 
when 1 arrived. A cycle length after 2, im- 
pulse 3 arrives at B. B, by hypothesis, can 
barely respond, yet 3 goes through, but the 
P-R interval has again increased to. say, 0.32 
second. A cycle length later impulse 4 ar- 
rives, but now B is so depressed that it can- 



not respond and 4 is blocked, not entering B 
at all. B, then, has time to “recuperate.” When 
impulse 5 arrives, B has had two cycle lengths, 
not the usual one cycle length, for recovery, 
and impulse 5, like I, goes through to the 
ventricles in 0.20 seconds, and the described 
sequence of events repeals itself. 

One thing is not explained by this descrip- 
tion, We observed that the P-R interval in- 
creased from 0.20 second to 0.27, then only 
to 0.32. The increase of the second P-R over 
the first is 0.07 second; of the third over the 

Fig. 221. A, Simplified diagram of struc- 
tures involved In problems of A-V block. D, 
Diagrammatic represcntalion of 4:3 A-V block. 
The solid black rectangles represent the abso- 
lute refractory period of the junctional tissues. 
The prolongation of the relative refractory 
period (stippled) is due to disease. The relative 
refractoriness and the duration of the re/alive 
refractory period following any beat is greater 
when the antfcedent cycle is longer. For this 
reason beat 2 shows a P-R of 0.27 second, an 
increase of 007 second over the P-R of beat J 
which followed a long rest. Beat 3 follows a 
shorter antecedent cycle, and though relative 
refractoriness is greater (due to cumulative 
“fatigue") after beat 2 than after beat 1 the 
shorter antecedent cycle lends to reduce the 
Increment of refractoriness and, therefore, 
while the P-R increased in beat 3 the increment 
of increase is less than that which occurred 
from beat 1 to beat 2. One result u that the 
ventricular rate speeds up near the end of a 
Wcnckebacfc period. 

C. Example of 4:3 A-V block which shows 
the phenomena described above. 
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Pio. 222. 2:1 heart block with normal P-R 
interval in conducted beats There are also QRS 
aberrations m some beats (note variability of S 
in Lead I). 

second only 0 05 second. Why? There is really 
little doubt about the reason When B re* 
sponded to impulse 1 (and 5 } it had had two 
cycle lengths rest instead of the usual one 
cycle length since the impulse preceding im- 
pulse 1 has been blocked. Now, the refractory 
period increases as rate slows or cycle length 
increases (see pp. 240-244). So after B re- 
sponded to impulse 1, after a two cycle length 
rest, Its absolute refractory period was longer 
than it was after its response to impulse 2, 
for example, when the rest period was only 
one cycle length. The consequence of this is 
that when impulse 3 reaches E. it arrives at 
a gxeaies rntervaJ after the end of B’s absolute 
) refractory period than did irtipulse 2 Conse- 
quently, in spite of cumulative fatigue or de- 
pression of B, it goes through in 0.32 second 
or less, not 0.34 second (as would be ex- 
pected if the increment were again 0.07 sec- 
ond). 

It will be observed that ici this illustration 
the auricles beat four times to three for the 
ventricles. This is, therefore, called a 4:3 
partial A— V block. The ventricular beats oc- 
cur in groups of three, separated by longer 
ventricular cycles. These groups are some- 
times referred to as Wenekfhach periods. 


In 2:1 A-V block, every other auricular 
implusc IS blocked. This is the most stable 
form of partial A-V block because it may 
occur under a wide range of degree of depres- 
sion of segment B (Fig. 22M). That is, when 
the conducted impulse arrives at B, B may 
be pretty well recovered or, on the other 
hand, it may just be able to respond. So we 
see 2:1 block with long P-R intervals (for 
the conducted beat) or normally short ones 
(Fig. 222). Degrees of block from 3:2 on 
up — 4:3; 5:4; etc., — arc likely to be un- 
stable, since slight variations in sinus rate, 
rhythm, or facilitating or depressive nervous 
influences may shift one degree of block to 
another (Fig. 223). 

Escaped beats in partial A~V block. It 
appears that the region of the junction called 
B in Fig. 22 M is often part of the A-V node 
or even the upper margin of that node. But 
even when the node is depressed by drugs or 
by pathologic changes, it still has its auto- 
maticity, ie., it may initiate its own impulses 
In the 4.3 A-V block described, for example, 
B (or seme lower segment of tissue) may 
not have waited for impulse 1 or 5 before 
beating spontaneously. Hence impulse 1 (or 5) 
may arrive at B just as (or some time after) 

B has sent its own impulse to the ventricles; 
and. if the P wave (of impulse 1 or S) 
preceded the QRS complex for this beat, the 
P-R is not true conduction time, but shorter; 
or (his P wave may fail withm the QRS of 
the escaped beat or later. (An example of 
escape in partial A-V block is seen in Lead 
II of Fig. 223.) 3:1 and. particularly, 4:1 
or 5:1 A-V block is rarely seen for the fol- 
lowing reason: a lower "center” in the A-V 
node, bundle, or in the ventricles does not 
await the infrequent, occasional arrival past 
the block of an impulse from above. The 
block will then appear to be complete, though 
conduction is possible. Not infrequently block 
is seen in which most of the beats originate 
from lower "centers” though an occasional 
impulse from above gets by, usually with a 
much prolonged P-R interval. Since in com- 
plete block the ventricles arc typically nearly 




Fw. 223. Varying degree of A-V block. The degree of block varied greatly while this 
tracing was being made. In Lead I it changes from 2:1 to 3:2. In Lead II there are escaped 
beats following some of the blocked P waves of a 3:2 block. In Lead lU there is a 2:1 block 
with an auricular rate of 85/min When, as in Vi. the auricular rate becomes sufhciently slow 
•(62/inin. in this instance) there is 1:1 response with prolonged P-R interval. 

absolutely regular, slight irregularity in a in consequence, variations in that time hardly 

block that is apparently complete usually occur. In some such blocks no regular 

means occasional conduction, and the some- Wenckebach periods are seen, the block ap- 

what constant location of the P waves before pcanng irregularly, haphazardly, 

the QRS complexes terminating these shorter Complete A-V Heart Block. \Vhen none of 
cycles will confirm a high-grade partial A-V the auricular impulses are conducted from 
block. auricles to ventricles the disturbance is spoken 

Partial Block with Constant P-R. Some- of as complete A-V heart block (Fig. 224). 

times partial block is seen in sshich the pro- Characteristically the ventricles are almost 

gressive prolongation of the P-R interval, as absolutely regular in this condition, although 

described above, does not occur. It has been premature beats may occur in some Instances, 

supposed that in these instances the depressed Particularly when the ventricular rate is low, 

zone or segment of tissue, B (Fig. 22la), is a slight irregularity of the auricles is corn- 

very narrow, so that practically no time is monly present. Briefly, it may be said that the 

spent by the impulse in going through it, and auricular cycles within which ventricular beats 
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Fra. 224. Complete A-V block. The auricular and ventricular rbylhnjj are both 
regular but at diStrent rater ao<f are, therefore, completely Sissochled. Jtj A (upper 
tracing), the ventricular rate is more rapid than usual In the lower tracings the more 
common slower rate is seen. 


happen to foil are slightly shorter than the 
other auricular cycles. This is a reflex vagus 
effect (Gouaux and Ashman). In some cases, 
of course, premature auricular beats may 
occur, which do not effect the regular ven- 
tricular rhythm «nce they are not conducted. 

The pacemaker for the independently beat- 
ing ventricles may be in the A-V node or 
bundle, or in the ventricular muscle. If the 
QRS complexes are narrow, it may be as- 
sumed that the pacemaker is above the ven- 
tricular muscle In this instance the ventricular 
rate is usually above 40 per minute. U the 
ventricular complexes are wide, the same 
damage that produced the A-V block may 
have blocked a bundle branch, though the 
pacemaker is still junctional, or the pacemaker 
may be in the ventricles. In the latter case, 
the ventricular rate is likely to be below 40 
pet minute. If in block which is apparently 
complete, occasional slightly shorter than 
average ventricular cycles appear, the beat 
terminating each such cycle being preceded 
by a P wave at about the same distance, a 
high-grade partial block may be assumed, as 
mentioned above. 


When the ventricular bests originate In 
the ventricles, it does sometimes happen that 
they originate from different foci, as shown 
by variable form of the QRS complexes, and 
the rhythm may be somev/hat irregular, or 
standstill, with syncope, rnay even occur. 
Perhaps a more common cause of the Stokes- 
Adams syndrome is abrupt change from 1:1 
or 2:1 conduction to complete block, asso- 
ciated with a brief period of ventricular 
standstill. 

Complete block is seen, though rarely, in 
patients with rheumatic carditis, especially 
if digitalized. Partial or complete block, 
usually transitory, is not infrequent m associa- 
tion with the acute to subacute stages of 
posterior myocardial infarction; but is not 
observed in association with anterior infarc- 
tion, other lesions being absent. 

In some badly damaged hearts, when the 
ventricles are very slow and often irregular, 
ventricular premature beats may precipitate 
short periods of ventricular “fibrillation," as- 
sedated with syncope. 

(^asionally “interference dissociation" will 
result when the A-V nodal pacemaker is 
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rapid. In these instances, the auricular rale 
being slower, no auricular impulse may reach 
the ventricles. Although a "complete A-V 
block” is present, its cause Is physiologic 
rather than pathologic, and its significance is 
not the same. 

Paroxysmal Tachycardias. 

Although these are grouped together for 
convenience, the tachycardias, other than 
sinus, are not all due to a single intrinric 
mechanism. In some instances the paroxysm 
appears to be due to the activity of an ectopic 
focus, which, for some reason not yet known, 
initiates impulses at a rate higher than the 
sinus rate. In other instances the paroxysm 
Is probably due to a “circus” mechanism, the 
circuits having various locations in different 
Instances. If the auricles are involved in the 
rapidly repeated beats, the impulses from 
the ectopic pacemaker that produces the 
tachycardia enter the sinus node. The latter, 
therefore, is not given time to "build up” 
and send out impulses of its own. 

SUPRAVENTRICULAR PAROXYSStAL TACtlV- 
CARDIA. Auricular (paro.xysmal) lachycardta. 
This form (Fig. 97) is differentiated from 
sinus tachycardia by its abrupt onset and ertd, 
and sometimes by the excessive minute rate, 
which exceeds the approximate upper limit 
of 160 per minute for sinus tachycardia in 
adults, though in tnfants the latter may ap* 
proach 200. The P waves, when identifiable 
(not being lost in T waves or QRS complexes) 
are often, but not always, of the sinus form, 
though typically slightly narrower than those 
observed before and after the paroxysm. The 
P-R interval may or may not be prolonged. 
Occasionally a 2:1 A-V heart block, or 
block of other degree, is present (Fig. 225^). 
Unless there is concomitant disease of the 
ventricles, the QRS complexes arc normal, 
often, indeed, narrower than when a sinus 
mechanism exists; and the QRS complexes 
may be of somewhat lower amplitude. Both 
narrowness and lowness may be an indirect 
effect of increased sympathetic activity, which 
in turn results from the frequent moderate 



Fk5. 225. a, Nodal tachycardia with 2:1 
A-V block, b, Supraventricular tachycardia 
with 2:1 A-V block. 


fall in arterial pressure. Minute rates rarely 
reach 300 in adults unless fever is present; 
but even higher rates may be observed in 
infants or young children. 

When the onset of a paroxysm is recorded. 
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it appears to be introduced by an auricular 
premature beat. Near the end of a paroxysm, 
some slowing in rate may occur. Paroxysms 
may be very transitory, lasting for only a 
few beats. These could be called multiple 
auricular premature beats. Or they may 
persist for hours, days, or months. Before and 
after a paroxysm, it is common to observe 
auricular premature beats, for any such pre- 
mature beat may initiate a paroxysm. Some- 
times, in fact, paroxysm follows paroxysm, 
with longer or shorter periods of sinus rhythm 
between, with or without the presence of 
auricular premature beats. 

If the ventricles are diseased, left bundle 
branch block may be present daring the 
paroxysm. Right bundle block may also occur 
even in the absence of disease. In these in- 
stances, the dilTerentiation from ventricular 
paroxysmal tachycardia may be difficult be- 
cause the P waves may be lost in the QRS-T 
and not be identffiable, but the supraventricu- 
lar origin ol the paroxysm is practically proven 
if augmented vagus activity stops it. When 
the rate is high and regular, and the limb 
and precordial leads show QRS complexes 
characteristic of either right or left bundle 
branch block, and when no regular auricular 
activity at a slower rate can be demonstrated 
by the presence of P waves falling, hit or 
miss, in the record (i.e. not related to the 
ventricular rhythm), then the tachycardia is 
probably supraventricular, i.e., auricular, 
A-V nodal, or of a type seen in many persons 
with the Wolfi-Parkinson-White syndrome. 

In true auricular (paroxysmal) tachycardia 
the mechanism in most instances is probably 
circus. In the initiation, an impulse emerging 
from the sinus node at one end or side, but 
being blocked in its emergence elsewhere, 
“circles" through the auricular muscle near 
the node and re-enters the node at the other 
end or side. Having re-entered it can move to 
the original site of emergence and thus a 
circuit is established Obviously most of the 
auricular muscle will respond to this rather 
narrowly localized circuit as if it was a "pace- 
maker” in a “focus,” so that the reported 


failure to discover a circus mechanism in the 
auricles as a whole in auricular tachycardia 
ts based on a misunderstanding. No direct 
evidence of a circuit through the whole muscle 
can be expected. With rapid re-entry and the 
slight “fatigue,” which increases susceptibility 
to the acetylcholine liberated by the vagus 
nerve, the action of the vagus m stopping 
many paroxysms is easy to understand. The 
action is to prevent re-enlry by blocking. If 
the paroxysm is of A-V nodal origin, the 
vagus similarly may stop it. 

Ventricular premature beats are unlikely to 
be observed in supraventricular paroxysmal 
tachycardias, especially when the minute rate 
of the ventricles is high. Auricular premature 
beats arc yet more unlikely. 

T wave and RS-T segment changes occur, 
as a result of the high rate, and are described 
elsewhere. The duration of the (5-T follows 
the rules shown in Table B (Appendix II). 

A-y nodal (paroxysmal) laehycardia. What 
has been said of auricular paroxysma] tachy- 
cardia is also true of the A-V nodal form 
With few exceptions (Fig. 225a). The dif- 
ferences are: 

The P waves are inverted in Leads I) and 
III, and, as a rule, m V 4 to Vq, and pre- 
dominantly upright in V, and Vj. 

A partial, or even complete block, may be 
present between the auricles and the A-V 
node. If this is complete, or if high-grade 
partial block is present, the auricles will 
respond to sinus impulses as they usually do; 
and the ventricles arc driven from the A-V 
node. If aberration (right or left branch block) 
is present, together with retrograde block 
from the A-V node to auricles, the appearance 
Will be (hat of ventricular paroxysmal tachy- 
cardia, (hough the conclusion will be mis- 
leading. 

Supravenlriciilar paroxysmal tachycardia 
in the Wolff’Parkinson-White syndrome. The 
frequent association of the Wolfl-Parkinson- 
White syndrome and paroxysmal tachycardia 
must mean a fundamental relationship be- 
tween the two phenomena. Since an accessory 
pathway for conduction between auricle and 
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Fio. 226. Paroxysms ol vcnlticular tSknycardia and Irequcnt ventricular premature beats. 


ventricle exists in the W.-P.-W. syndrome in 
all likelihood, v>e may at once understand a 
possible basis for the tachycardias, on the 
basis of work first reported as early as 1913 
by G. R. Mines in the Journal of Physiology, 
and later conUrmed in various ways by A. G. 
Mayor, W. E. Garry, and Sir Thomas Lewis. 
It is easy to cause a wave of excitation or 
impulse to move in a “circle" in an excised 
turtle heart, split down the middle, but with 
a narrow bridge of muscle connecting the 
auricles at one end of (he heart and the 
ventricular halves at the other end. Proper 
timing of an electric shock or two may set a 
wave irf motion (hat descends on the right, 
for example, and ascends on the left, and 
that may thus continue for hours in a “circle" 
if the state of the muscle is good. 

Similarly, one may suppose for example, 
a premature beat to arise in the auricle in a 
person with the W.-P.-W. syndrome. This 
may be blocked at the A-V node, but enter 
the ventricles by the accessory pathway. The 
impulse then “circles" back by way of a 
bundle branch and A-V bundle, enters the 
A-V node, and thence re-enters the auricles. 
It may then pass through the auricular muscle, 
re-enter the accessory pathway, again reach 
the ventricles, and so on. In (his instance the 
paroxysm will look ventricular in the tracing. 
But if the blockage of the initiating premature 
beat is in the accessory pathway, and the 
impulse enters the ventricles by the visual 


A-V pathway, then, if it can circle back by 
way of the accessory pathway into the auricles 
and thence re-enter the ventricles, the parox- 
ysm will appear to be supraventricular. Since 
either appearance may, in fact, be observed 
in persons with the W.-P.-W, syndrome, the 
theory finds observational support. The vagus 
may stop such a paroxysm by blocking the 
normal A-V pathway, and there is some 
reason to expect, a priori, that left carotid 
sinus pressure should be more efleclive than 
right. If (he patient is first digitalized, then 
carotid sinus pressure might stop a refractory 
paroxysm. Digitalis alone may also do this 
because of its effect on A-V conduction. But 
with carotid sinus pressure, less digitalis 
should be required. These are a priori expecta- 
tions, not observations. 

In some instances, supraventricular parox- 
ysmal tachycardia may arise from a true 
ectopic focus. This whole question needs 
further expert study for clarification. In the 
experimental animal one may show that this 
or that happens, but there is evidence that 
such studies, pursued without adequate physi- 
olo^c background, may deceive as often as 
they clarify, when applied to human mech- 
anism disturbances. 

VtNTRlCULAR PAROXYSMAL TACtIVCARDIA. 
The minute rate of the ventricles is likely to 
be slower in (his condition than it is in 
supraventricular tachycardia, say 130-200 
per minute; and sometimes the rhythm may 
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F(o 227. a, Unusual ventricular mechamsm occuiring ia patient with unclassified 
myocarditis. Two separate and alternating foci appear to be involved. This is usually 
seen only in digitaUs intoxication but this patient lud received no digitalis i. Later on 
same day. Ventriailar tachycardia, approaching fibrillation. Large injury shifts are present 
in both tracings but no infarction was found at autopsy. 


be slightly irregular (Fig. 226), even when 
the eiectrocardiographically similar condition 
of auricular fibrillation with bundle branch 
block (aberration) can be ruled out. The 
demonstration of a slower, independent 
auricular rhythm is not quite crucial, as was 
noted above under A-V nodal tachycardia. 

The QRS complexes are wide and in limb 
and V leads they may or may not resemble 
those typical of right or left bundle branch 
block. As in left bundle branch block, second- 
ary T wave changes will be present. Since the 
condition is rare when the myocardium is 
normal, primary T wave change is also likely 
to be present. 

The nature of the paroxysm probably varies 
from case to case. The impulses may come 


from one or more foci, with similar or vari- 
able (Fig. 227a) forms of successive QRS 
complexes. The more rapid rhythm may be 
essentialy a ventricular flutter, a circus mech- 
anism (Fig. 226 and 227b). 

Unlike the auricles, the ventricles are not 
innervated by vagus cardioinhibitory nerve 
fibers. Hence, if vagus stimulation or anal- 
ogous procedures stop a paroxysmal tachy- 
cardia which is apparently ventricular, it is 
not ventricular. 

CIRCUS contractions: flutter and fi- 
brillation. Auricular Flutter. Apparently 
this mechanism disturbance is initiated in 
susceptible hearts by an early auricular pre- 
mature beat, which encounters a barrier to 
conduction in one direction (due to refractori- 
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Fw. 228. Auricular flutter with 2:1 A-V block. The degree of block was increased by 
stimulalioQ of the carotid sinus, thus exposing more clearly the flutter mechanism. Injury shifts 
are present in the precordial leads. Posterolateral infarction followed. Note that Rn has dis> 
appeared. It returned when mechanism was restored. Thb phenomenon is common with rapid 
heart rates and congestive heart fatiure. Caution should be exercised in interpreting QRS 
changes of this kind when the rate is very rapid. 


oess) but which can travel in the other 
direction.* The wave of excitation con- 

• We do not wish to enter into controversy, 
but may note (without discussion) some pecul- 
iarities of auricular flutter and fibnllation that 
accord with the circus movement theory, but 
which are not explained adequately by the view 
that these mechanisms are due to impulses aris* 
ing from one or more foci: (1) The usual incon- 
spicuousness of the P waves in Lead I. (2) The 
long period of time during which the conditions 
may persist. (3) The apparent roughly circular 
progress of the wave, as studied by Lewis. 

(4) The absence of effect on the auricular activity 
of Increased vagus tonus, aside from a reported 
slight increase in rate, to be expected from the 
vagal shortening of auricular refractory period. 

(5) The difficulty of demonstrating that so-called 
flutter or fibrillation induced in the experimenlal 
mamma! is really the same thing as the clinical 
condition. (6) The experimental work that does 


sequently “circles” around the auricles, and 
reaches the “barrier” from the opposite side, 
now being able to pass. Thus the wave, travel- 
ing in a “circle,” can keep on going, as in 
the turtle heart of G. R. Mines. If the sweep 
of the wave of excitation with each “revolu- 
tion” is uniform, we are dealing with auricular 
flutler. Were it not for the confusion in 
understanding introduced, we might say, in 
a manner of speaking, that the “circle” is 
establi^ed about the mouths of the great 


support the circus movement thesis (7) The 
discreteness of the P waves in auricular tachy- 
cardia. where either a focus or a very local 
circuit is involved. (8) The easy demonstration 
with appropriate material that persistent circus 
movements are possible. 
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veins, but, of course, svith each circuit there 
is an outward spread of the wave to involve 
all parts of the auricular muscle. Each circuit 
is completed in about 0.20 second, on the 
average, or 300 per minute; but the auricular 



Fio 229 Auricular flutter with 2:1 block. 
Here the flutter mechanism is more diflicull to 
discern than m Fig. 228 because of the ineon- 
spicuousness of the flutter waves fn the limb 
leads. The nature of the mechanism is clearly 
revealed in Lead V». The auricular rate is 288. 
Left ventricular hypertrophy is also present 


rate, or frequency of response, in flutter 
ranges from as low as about 130 (after heavy 
quinidine dosage in some few cases) to 370, 
or even 400 in children. 

As each circuit is completed, the wave 
of excitation reaches the A-V node, but the 
node, because of its longer refractory period, 
can rarely respond to every wave, except in 
some instances early after the onset of flutter, 
or when the flutter rate is low. (Quinidine 
depresses the A-V node as well as the 
auricular muscle, but often, with the Induc- 
tion of quinidine therapy, the slowing of the 
auricles may permit the A-V node to respond 
more frequently, with an alarming increase 
in ventricular rate.) Typically, therefore, in 
auricular flutter, we observe 2.1, 3:1, or 4:1 
A-V block, and often irregular rapid change 
from the one degree to another. Not rarely 
the ratio varies between 2.1 and 4.1 without 
the intermediate 3:1. 

The P waves in auricular flutter are usually 
characteristic (see Fig. 228 and 229). Con- 
tinuous auricular activity is indicated, so any 
divisho tnlo P waves is arbitrary. In Leads 
11 and III, the “P” wave shows a rather rapid 
ascent, a short, usually descending “plateau," 
and a more gradual descent, leading to the 
next ascent. The same form is repeated, 
usually with the utmost regularity. In Lead 1, 
the amplitude of the P waves is so low that 
the flutter is often hard to detect. No P-R 
interval can be measured, since the time of 
arrival of the waves at the A-V node cannot 
be determined. In V^ the waves often seem 
more separate, since the major potential 
changes are due to activation of the sub- 
jacent auricular muscle. 

In most instances, pressure on the carotid 
suius, or some other procedure that increases 
vagus activity, will produce a transitory com- 
plete block. On cessation of pressure, the 
ventricular rate rapidly returns to the rate 
observed before pressure. 

Impure Flutter. When the flutter rhythm 
is slightly irregular, with slight variation in P 
wave form, it may be called “impure.” 

Auricular Fibrillation. This mechanism is 
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Fio. 230. Auricular fibrillation with aberration; also ventricular premature beats. Lead I 
and I (continuous) and Lead II. The first and second ventricular cycles of the upper row are 
relatively long (0.B6 and 0.72 second, respectively). At an interval of 0.445 second after the 
second beat, an aberrant QRS complex appears. It is of the typical right bundle branch block 
form. This is followed, in 0 385 second, by another aberrant QRS. The next QRS, the sixth, 
follows the filth in 0.61 second and » not abetianV, bal the stvtrrth QRS, ending a cycle of 
0.415 second, is, as is the next. 

The eleventh QRS complex is a ventricular ectopic beat, and the twelfth QRS complex, fol- 
lowing in 0.48 second, is aberrant, despite the apparently relatively long “rest interval ” This 
is due to the fad that the ectopic impulse passes backward to the junctional tissue, which was 
activated after, and not before, the QRS complex appeared. Thus the “rest period" in the 
junction was short before the twelfth QRS. Later, at the beginning of Ihe second sirip, another 
ventricular ectopic appears. The reason the second complex following it shows only slight right 
branch delay and not block is clearly due to the fact that the "antecedent cycle" (sec text) is 
not so long as it looks, because of retrograde condudion of the ectopic beat. 

The next to the last QRS complex of the upper strip is not aberrant, though it might have 
been expected. The main reason u the extreme shortness of the antecedent eye* which is only 
0.3S5 second. 


fundameatally the same as flutter, and there 
is actually no sharp dividing line between 
the two, impure flutter being a transitional 
stage. In auricular fibrillation, the auricular 
rate is higher, as much as 400 per minute; 
the fibrillary waves of the tracing indicating 
the auncular activity, are often inconspicuous 
and variable in amplitude, duration, and form. 
The pathway of the circling wave is presum- 
ably shorter and the outgoing wave fronts, 
recurring so frequently, encounter islands or 
masses of refractory muscle, so that con- 
duction is irregular and varies from revolu- 
tion to revolution. In Vj a greater appearance 
of regularity is often seen, with less variability 
in “fibrillary" wave form. This suggests that 
the central pathway for conduction in fibrilla- 
tion is traversed by the wave with considerable 
regularity, and the irregular variable electneal 
deflection in the limb leads is mainly due to 
irregular condudion in outlying muscle 
regions in these cases, but that the muscle 


subjacent to (he V] electrode can respond 
fairly regularly, even at the high rate. 

Because of the higher auricular rate, the 
consequent presence of temporarily refractory 
muscle masses, and the long refractory period 
of the A-V node, the response of the latter, 
and consequently of the ventricles, is typically 
very irregular. This is in contrast to flutter, 
where, if Ihe ventricles are irregular, the 
irregularity is not absolute, there being two 
or three different cycle lengths, more or less 
irregularly repeated. Carotid sinus pressure 
will slow the ventricles in auricular fibrillation, 
but will not usually stop them as in flutter. 
This can be explained on sound physiologic 
principles, but would require space not here 
available. Fever, emotional disturbance, and 
exercise may increase the ventricular rate 
in auricular fibrillation. 

The ventricular rate in untreated auricular 
fibrillation ranges around an average of about 
130 per minute up to as high as 200. Rates 
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as low as 60 or lower probably indicate a 
slight defect in A-V conduction. Complete 
A-V block, with auricular fibrillation, is not 
very unusual, but is generally seen after 
treatment (digitalis). The ventricles are then 
regular, barring premature beats. Ventricular 
premature beats are not uncommon in 
auricular fibrillation, but need to be distin- 
guished from aberration, which is more likely 
when the ventricular rate is fairly high. 

Aberration in Auricular Fibrillation: 
tinclion from Ventricular Tachycardia. Aber- 
ration in intraventricular conduction in 
auricular fibrillation is a common phenomenon 
when the ventricular rate is fairly high and 
the rhythm very irregular and is important 
enough to demand special consideration (Fig. 
230) . In the discussion of auricular premature 
beats, the relationship between cycle length 
and absolute refnctory period has been given. 
In principle, there is no distinction between 
aberration in fibrillation and in auricular pre- 
mature beats. Because of the usual consider- 
able variations in the duration of the ven- 
tricular (and therefore junctional) cycle 
lengths m auricular fibrillation, (here are as- 
sociated variations In the durations of the 
absolute refractory periods in the junctional 
tissues. For example, if a cycle is, say, 0.8 
second, the refractory period of (he beat 
terminating this relatively long cycle may be 
about 0.3 second. If an impulse from the 
fibrillating auricles reaches the A-V node 
just after the end of this period, it will enter, 
be conducted slowly to the ventricles, and be 
blocked in a bundle branch, usually the right. 
Thus aberration occurs. The ventricularcycle 
terminated by the widened QRS complex 
will not be of the same duration as the 
refractory period, but, because of the slow 
conduction, it may be, say, 0.4 second. This 
then, is a typical example of aberration In an 
assumed case when the “antecedent” cycle is 
0.8 second. Let us suppose the antecedent 
cycle to have been near the average in this 
patient, say 0.6 second. Then the absolute 
telractory period of the junctional tissues 
would be shorter than 0.3 second, say 0.26 


second. If an impluse reaches the A-V node 
at OJ second after the beginning of the 
absolute refractory period, no aberration 
will occur. 

It follows, therefore, that to distinguish an 
aberrant complex from ventricular premature 
beats, four tests may be applied. (1) The 
“antecedent" cycle is a longer one. (2) The 
cycle ended by the wide (aberrant) QRS 
complex is at least nearly as short as any 
other cycles on the tracing, though slightly 
shorter ones wiihoiit aberration may appear 
after short antecedent cycles. (3) No longer 
cycles will be followed by very short cycles 
which do not show aberration (a slight quali- 
fication is needed here, but would involve a 
lengthy, not very profitable, discussion of 
theory). (4) The “aberrant” QRS is typically 
of right bundle branch block form in all leads. 

The foregoing description, while of some 
importance, is not so important as a further 
manifestation of aberration, which must be 
grasped if clinically significant disturbances 
are not to be misunderstood. Let us consider 
an example that was observed and carefully 
studied. A patient with auricular fibrillation 
(very impure flutter) had a ventricular rate 
of about 180 per minute. Digitalis was ad- 
ministered and the rate slightly reduced. 
Quinidme then reduced the auricular rate, 
with an associated speeding up of the ven- 
tricles to 200 per minute. The rhythm was 
irregular, though few ventricular cycles ex- 
ceeded 0.4 second. At this time for short 
periods the rhythm was only slightly irregular, 
the rate about 200, and the QRS complexes 
narrow. On other parts of the tracing the 
rate and slight irregularity were the same, 
but the QRS complexes were all wide, of 
right bundle branch form. It was observed 
that these periods, (of apparent ventricular 
tachycardia) were each preceded by a longer 
cycle than the average (about 0.4 second) 
and that this “antecedent” cycle was termi- 
nated by a norma! QRS complex. Following 
this complex the series of “aberrant” com- 
plexes began, at the 200 per minute rate. 

If One refers to the diagram (Fig. 213, 
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Fic. 231. Ventricular tachycardia and fibrillation in a patient with acute myocardial in- 
farction. a. Sinus beats with intraventricular conduction defect, b. Paroxysm of ventricular 
tachycardia, e. Three sinus beats followed by a ventricular premature beat from the same 
focus which originated the paroxysm of ventricular tachycardia, d. Return to sinus mechanism 
(in another lead), e. Ventricular fibrillation. 

The records were made in sequence on the same patient. 


p. 243} in the section on auricular premature 
beats, the first “aberrant” complex is under- 
standable. The question is, why did aberration 
persist when the shorter cycles must have 
been associated with shorter refractory 
periods. Consideration of theory supplies an 
obvious answer. When the first aberrant com- 
plex of the series appeared, the impulse was 
blocked in the right bundle branch. It, there- 
fore, entered the ventricles by way of the 
left branch, passed through the septum (in 
about 0.06 second), and entered the lower 
part of the right branch. The impulse could 
sot ascend the right branch because its 
proximal end was refractory from its recent 
activity (about the point of blocking). Now, 
when, 0.27-0.34 second after the earlier 
impulse had come from above, another 
impulse descends, it will find the right branch, 
below the blocking point, refractory, and 
right branch block again occurs. The right 
branch has “rested” for only 0.20-0.27 second 
and will not conduct. The block, with aber- 
ration, will persist, therefore, until a some- 
what longer cycle occurs, say 0.35 second or 
longer. It was observed that the periods of 
aberration (which looked like ventricular 
tachycardia) did, in fact, all end with a 
slightly longer cycle. On the other part of 
the tracing, where the same average rate was 
reached without aberration, no “long” an- 
tecedent cycle had occurred to initiate a series 
of aberrant complexes. (Reference Gouaux 
and Ashman). 


Auricular flutter or fibrillation may, of 
course, be associated with other disturbances 
or abnormalities, such as ventricular pre- 
mature beats, left or right bundle branch 
block (not of the temporary, physiologic, type 
just described), and complete A-V block. 
The T waves in auricular fibrillation frequently 
vary in amplitude and form, especially when 
the ventricular rate is high, and the character 
of these changes may sometimes point to 
myocardial ischemia or to T wave changes 
due to changes in cycle length. 

Ventricular Flutter. Ventricular flutter is 
probably the mechanism involved in some 
cases called ventricular tachycardia, as in 
Fig. 226. 

Ventricular Fibrillation. Ventricular fibrilla- 
tion is illustrated in Fig. 231e, which suf- 
ficiently presents the characteristic tracing in 
this condition. If auricular activity is present 
it is masked by the fibrillary waves, of varying 
amplitude of direction. 

THE WOLFF-PARKINSON-WHITE SYNDROME. 

In this syndrome the P-R interval is short- 
ened, the QRS complex is widened to the 
same "absolute extent, as a rule, and about 
half the individuals are subject to paroxysms 
of tachycardia. The phenomena can all be 
logically related to the presence of one or 
more accessory pathways for conduction be- 
tween auricles and ventricles, which, have, in 
fact, been proven to exist. 

In some individuals, the typical electro- 
cardiographic picture is constantly present; in 
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reaches the ventricles more promptly by way 
of the accessory pathway. Otherwise, the 
presence of a conducting accessory path 
could not be demonstrated, unless the normal 
P-R were prolonged in some manner. 

Since the accessory pathway leads the im* 
pulse into ventricular muscle and not directly 
to Purkinje fibers, it is typical to find the up- 
strokes of the R waves slurred in several 
leads, and a pseudo-left bundle branch block 


form is common. Since the net areas of the 
QRS complexes are increased, as a rule, the 
reciprocal effect on the T waves will neces- 
sarily occur (pp. 50-67). 

If prolonged periods of tachycardia occur, 
primary T wave changes, even of apparent 
“ischemic” type, may follow the paroxysm 
and persist for hours or days. This may occur 
following a prolonged tachycardia (Figs. 232a 
and 97). 
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14. Drugs, Electrolyte 
and Metabolic Disturbances 

by 

Irving L. Rosen, M. D.‘ 


The varied, and sometimes marked, changes 
produced in the electrocardiogram by drugs 
make it necessary that one be acquainted with 
these changes when interpreting electrocar- 
diograms. This is especially true ance some 
of the drugs used in the treatment of heart 
disease produce electrocardiographic changes, 
and these changes may mimic those due to 
organic heart disease. 

DigitttUs 

The electrocardiographic changes due to 
digitalis result from the effects of the drug 
on repolarization of the ventricles, a depres- 
sion of atrioventricular conduction, and in- 
creased myocardial irritability. In clinical 
doses therefore, the P wave and QRS com- 
plex are not affected, and the effects of digi- 
talis are limited to the RS-T segments and T 
waves and to the cardiac mechanism. 

As has been mentioned previously, digi- 
talis diminishes the ventricular gradient and 
this effect has been summarized in THg. 40 
(p. 57). The first change is usually a slight 
shift of the first portion of the RS-T seg- 
ment in a direction opposite to that of the 
main QRS deflection together with a slight 
decrease in the magnitude of the T wave 
(Fig. 233c). Commonly more marked effects 
are present and there is a greater RS-T seg- 
ment shift with a progressive dlmittution of 
the T waves, so that the T wave becomes in- 
corporated in the RS-T segment shift (Fig. 
68/4-6, p. 91). At the same time there fs a 
further decrease in the Q-T interval. It should 
be noticed that the shape of the RS-T seg- 
ment shift due to digitalis is frequently a 
straight line opposite to and directly propor- 
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tional in magnitude to the main QRS deflec- 
tion (Fig. 68A-b). When present, this char- 
acteristic shape of the RS-T segment shift, 
its relationship in magnitude to the preceding 
QRS deflection, and the shortened Q-T in- 
terval may aid in the distinction of digitalis 
effects and ischemia. Since digitalis affects 
the ventricular gradient the most marked 
RS-T segment and T wave changes are to be 
expected in those leads upon which the pro- 
jection of the ventricular gradient is greatest. 

Occasionally the direction of the RS-T seg- 
ment shift ts not opposite to the main de- 
flection of the QRS complex in the leads from 
the anterior chest. As can be noticed in Leads 
Vg and V, of Fig. 234, the main deflection 
of the QRS is downward and the RS-T seg- 
ment is also displaced downward. This para- 
dox seems to be limited to the leads men- 
tioned. As a ruJe the RS-T segment shifts 
due to digitalis are opposite in direction to 
the mam QRS deflection By using the prin- 
ciple that the RS-T segment and T waves 
effects of digitalis are due to a decrease in 
the ventricular gradient, an approach to trac- 
ings already abnormal when digitalis is ad- 
ministered can be made. 

Since increase in heart rate also diminishes 
the gradient, a rapid rate will exaggerate the 
RS-T segment and T wave effects of digi- 
talis. When the rate is slowed the RS-T seg- 
ment and T waves effects diminish again. 
The similarity of the effects of rapid rate and 
of digitalis is shown in Fig. 235. Tracing A 
was made on a patient in congestive failure. 
An anterior and diaphragmatic infarction and 
right bundle branch block evidently had oc- 
curred sometime previously. Tracing B was 
made after the heart had slowed as a result 
of the administration of mercuhydrin. Note 
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Pic. 233. Efiecia of quinidine and digitalis on the electrocardio- 
gram. Three tracings from the same patient: a, prior to the adminis- 
tration of cardiac drugs, b, following the administration of quinidine; 
and c, after digitalization. Note the broad, flat, notched T waves fol- 
lowing quinidine and the shortened QT interval with depression of 
the RS..T segments in Leads 1 and II following digitalization. The 
patient was not receiving quinidine when c was made. 

that Tj originally upright is now small and V 4 , Vj, and Vo are definitely inverted. All 
diphasic: T.v,.. formerly upright, is now in- these changes are attributable to the change 

verted. The RS-T segments in Vj, V-, and in rate. If we had begun with tracing D and 

Va, formerly displaced from the baseline, are attempted to predict what might be expected 
now almost on the baseline. The T wave in from diminution of the gradient such as oc- 

Vi is smaller whife the T waves in Vg, V,. curs with rapid rate it would have been nec- 
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essaty to say that the RS-T segment and T 
waves would change in a direction opposite 
to that of the main deflection of the QRS com- 
plexes. This describes quite accurately the 
change between the two tracings. Of course 
they occurred in reverse order as a result of 
slowing the rate. Since digitalis also dimin- 
ishes the gradient, it is seen in Fig. 235C 
that it tends to make all of the leads approach 
again the form which they had when the rate 
was rapid (compare A and C). 

In Fig. 236, A was made before and B 
after digitalis. There is auricular fibrillation 
and left bundle branch block. It is impossible 
here to divorce rate changes from digitalis 
changes insofar as the QRS-T relationships 
are concerned. One can only say that appar- 
ently the very rapid rate alone is capable of 
diminishing the gradient to a greater extent 
than digitalis can at a slow rate. The slowing 
of the rate here is due to the effect of digi- 
talis upon the conductivity of the A-V node 
and bundle of His. It was for this effect that 
the digitalis was administered. 

When left ventricular hypertrophy is al- 
ready present, the administration of digitalis 
dimioishes the gradient and thus exaggerates 
the secondary T wave changes resulting from 
the increased QRS deflection. The effect of 
digitalis in Fig. 174 (p. 201) deserves some 
comment. Tracing a shows the result of an 
old myocardial infarction and left ventricu- 
lar hypertrophy. The tracing b was made 
after digitalization had been carried to the 
pornc of nausea. The Q-T Men'sl is mark- 
edly shortened and the RS-T segment dis- 
placed and curved in the manner which is 
more usual when the original tracing shows 
no secondary T wave change due to hyper- 
trophy. It is possible that the T wave change 
in tracing a was more the result of ischemia 
then of hypertrophy. 

Fic. 234. Tracing demonstrating the effects 
of digitaln on the RS-T segment and T wave. 
Digitalis characteristically displaces the RS-T 
segment in the direction opposite to the main 
QRS deflection. Leads Vi and Vt of this tracing 
show an exception to this rule. 
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Fig. 235. Tracing showing the timilar effects of rapid rate and digitalis in a patient with « 
healed anterior infarct and right bundle branch block. A was made when the rate was rapid due 
to congestive failure; B demonstrates a reduced heart rate due to therapy but with no digitalis; 
and C shows the changes due to digitalis. 


From what has been slated above, seem- 
ingly the electrocardiogram would offer an 
excellent guide to the degree of digitaliza- 
tion of a patient. Unfortunately the effects 
on the electrocardiogram of a given dose of 
a digitalis preparation in different individuals 


varies widely. Digitalization of one individual 
will produce none of the electrocardiographic 
effects discussed whereas the same dose will 
produce marked changes in another individ- 
ual. As might be expected in individuals with 
an apex-back heart, the gradient points al- 




Fic. 236. Tracing of a patient with aurinilar fibrillation with rapid rate and left bundle 
branch block made (A) before and (B) after di^ialization. A reduction in the rate followed 
digitalization. Since the RS-T segment shifts are more marked m A than in B, it would seem that 
a very rapid rate produced a greater dimiaution of the ventricular gradient than digitalization. 
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most straight back and shortening of the 
gradient does not produce significant changes 
on the extremity leads. This does not fully 
explain this phenomena, however, since oc- 
casionally tracings of digitalized patients who 
do not have an apex-back heart position arc 
seen that demonstrate minimal or no electro- 
cardiographic changes suggestive of digitalis. 
Also RS-T segment and T wave changes due 
to digitalis frequently seem to outlast the 
clinical effects of digitalis after the drug has 
been discontinued. The duration of these ef- 
fects of digitalis varies according to the prep- 
aration used and when the more slowly acting 
pseparatiotvs as digitalis leaf or dlgv- 

toxin) are used, RS-T segment and T wave 
changes may remain for two to four weeks 
after the drug has been discontinued. Al- 
though! the degree of electrocardiographic 
change produced by digitalization varies 
among individuals, the degree of change pro- 
duced in the serial tracings of any single in- 
dividual is proportional to the amount of 
digitalis administered. 

Unlike the effects of digitalis upon (he 
RS->T segments the development of a mecha- 
nism disturbance offers evidence of digitalis 
toxicity. The first e^ect on the cardiac 
mechanism due to digitalis is frequently a 
slowing of the heart rate, sometimes with a 
slight prolongation of the P-R interval.* This, 
at first, is predominantly due to a vagal ac- 
tion of the drug and can be partly or com- 
pletely eliminated by atropine. Marked pro- 
longation of the P-R interval or prolonga- 
tion remaining after atropine is due to a direct 
action of the drug on the conducting system. 
Further digitalis administration may further 
depress A-V conduction resulting in a par- 
tial or even complete heart block. Most char- 
acteristic of digitalis (although it may be seen 
in the absence of the drug) is interference 
dissociation (see p. 249). 

Digitalis also increases the myocardial ir- 
ritability, and this, particularly in toxic doses, 

* Rarely will digitalis in therapeutic doses 
cause the P-R interval to exceed the upper limits 
of normal shown in Table A (Appendix 11) un- 
less the conduction system is diseased. 


may be responsible for the appearance of 
ventricular premature beats or even the pre- 
cipitation of any of the paroxysmal tachy- 
cardias. Where frequent premature beats are 
present before digitalization, a diminution or 
even complete disappearance of these may 
occur after digitalization. 

The development of premature beats fol- 
lowing the adminstration of digitalis is 
usually Indicative of toxicity. Bigeminy fre- 
quently occurs in such instances. Multifocal 
ventricular premature beats may also occur. 
Although auricular fibrillation may occur in 
patients with auricular flutter as a result of 
digaallzation, the development of an aurlcw- 
lar mechanism disturbance in a patient with 
a previous sinus rhythm is a rare result of 
digitalis toxicity. On the other hand, the fur- 
ther administration of digitalis in patients with 
toxicity not uncommonly results in ventricu- 
lar tachycardia or fibrillation. At times the 
ventricular tachycardia due to digitalis has 
a peculiar form In which alternate complexes 
seem to arise from the opposite ventricles. 

It should be mentioned that digitalis tox- 
icity may result not only from a recent over- 
dosage of the drug, but from sudden electro- 
lyte changes. The hypokalemia resulting from 
a massive diuresis or from dialysis with the 
artificial kidney may precipitate electrocar- 
diographic evidence of digitalis toxicity. On 
the other hand, potassium salts have been 
used with success in the treatment of severe 
digitalis toxicity. 

Qainidine 

Quinidine depresses myocardial irritability 
and conduction and is thus found useful in 
eliminating frequent premature beats and in 
the treatment of paroxysmal tachycardias. 
Like digitalis, the earliest electrocardiographic 
change due to quinidine, other than the pos- 
sible establishment of a normal sinus rhythm 
in individuals with arrhythmias, is in the T 
wave, which usually becomes broad and de- 
velops a notch or umbilication near the peak. 
Unlike digitalis, however, there is a slowing 
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Fio. 237. Toxic eflects of quinidine. Lead II of a patient with ventricular tachycardia which 
ceased after intravenous quinidine. Note the presence of a complete heart block, the wide P and 
QRS complexes, and the prolonged Q-T interval. These changes (except for the change in 
rhythm)are all manifestations of quinidine toxicity. 

of repolarization with a prolongation of the ued. Figure 237 is a tracing of a patient with 

Q-T interval (Fig. 2336). ventricular tachycardia who was receiving in- 

Because of its effect on the conducting tis- (ravenous quinidine when the tracing was 

sues a prolongation of the P-R interval may made. Following the cessation of the ventne- 

occur and even partial or complete heart utar tachycardia the wide P waves become 

block may be precipitated. Although heart evident as well as wide QRS complexes and 

block is usually seen only with toxic doses, complete heart block. Marked widening of 
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Fro. 238. The effects of amyl ahnie on the cJectrocardio- 
gram Tracing made on a normal young adult A before and B 
after the mhalation of amyl oilnte. 


in the presence of myocardial disease affect- the QRS complex is not uncommon when 
ing the conducting tissues even small doses quinidine is administered intravenously. Pa- 
of quinidine may precipitate heart block. In tients with an initially wide QRS comptex 
small doses quinidine has no effect on the P (bundle branch block or ventncular hyper- 
wave or QRS complex but large doses may trophy) do not show an increased sensitivity 

cause widening of these complexes and a pro- to the drug and initially wide QRS complexes 

gressive increase in their duration may occur do not serve as a contraindication to the use 

if the administration of quinidine is conlio- of quinidine. Further widening of the QRS 
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complexes however, is evidence of quinidine 
toxicity. Sometimes the gravity of the clini- 
cal condition (such as ventricular tachycar- 
dia) warrants continuing the drug in spite of 
this manifestation of its toxicity, but it must 
be remembered that quinidine can produce 
ventricular tachycardia, ventricular fibrilla- 
tion, or ventricular asystole in toxic doses. 
It has been suggested that these arrhythmias 
occur more frequently when digitalis is also 
being administered. 

Quinine, the optical isomer of quinidine, is 
capable of producing the same electrocardio- 
gram efiects as quinidine, but much larger 
doses are required. 

Nitrites 

The inhalation of amyl nitrite increases the 
heart rate and produces RS-T segment shifts 
(Fig. 238). Since these shifts may resemble 
injury shifts, tracings made on patients with 
chest pain shortly after the administration of 
amyl nitrite should be interpreted in this 
light. As can be seen in Fig. 238, the R5-T 
segment shifts are much more pronounced 
than would be expected if they were due 
solely to a decreased ventricular gradient be- 
cause of the increased heart rate. Also the 
RS-T segment shifts in Leads 11 and HI are 
proportionately greater than the shift in 
Lead 1. This would not he expected from 
diminishing the gradient without changing 
its direcUon, and therefore (he gradient must 
have changed markedly in direction. These 
RS-T segment shifts are seen in normal in- 
dividuals inhaling the drug and usually 
last only a few minutes after inhalation is dis- 
continued. Similar changes have not been seen 
with sublingual nitroglycerin nor with any 
of the nitrites used orally as coronary vaso- 
dilators. 

Emetine 

The drugs discussed above are used in the 
treatment of heart disease. Minor T wave 
changes have been attributed to a variety of 
drugs. Of these emetine is probably the most 
important. Emetine is a toxin to both skeletal 


and cardiac muscle. Electrocardiographic 
changes due to emetine may follow the use 
of only a few grains in some persons, and 
yet other individuals fail to demonstrate any 
electrocardiographic change following the ac- 
cidental use of large doses. The drug may 


A B 



Fic. 239. The effects of emetine on the elec- 
trocardiogram of a 12-year-old female. Note the 
marked T wave changes in B as compared to 
the (racing A made prior to administering the 
drug. 
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Fig. 240. Effects of a progressively rising serum potassium level on the electrocardiogram 
of a young adult with an “acute renal shutdown." A, Normal tracing made three years prior to 
the present iJlness. B, Tracing showing high peaked T waves and slight RS-T segment shifts. 
These T waves are the earliest manifestation of hyperkalemia and usually are best seen in V,, 
Vi, and V». C, Low P waves and wider QRS complexes with beginning right bundle branch 
block Is now present. The serum potassium was 7v4 mEq/L. earlier this day. D, Auricular 
asystole and complete right bundle branch block arc now present. E, Extremely wide complexes 
are now present. The serum poslassium level was 8.2 mEq /L. earlier this day. F, In this 
tracing the QRS complex has widened even further and periods of ventricular asystole are 
present. Complete asystole followed the last two complexes of Lead III. The serum potassium 
was 9.1 mEq.A” when death occurred. 
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i: n3 Pio- 241. Improvemenl in the 
I ! I ■ 1 ' I I Ti T I L ' 'M Jl~ electrocardiogram of hyperkalemia. 

I-^ — i-i-uLXHIl-ifilr*; /V A, When this tracing was made the 

p.pl-.-...|.^_^.^ - j^.... j ._i_ j , ...... patient was in shock. Note the ab- 

' TITI" ^ •’, i "! i 'i''r~ j~ sence of P waves and the markedly 

; ,1 '| I I r 'T I- I 1 [ ? [ i I j widened QRS complexes with right 

; j ^ J I [ ■ -^-1-t-J - i ■ j . l i ■{ .1 ■ bundle branch block form. These 

' !■ ' 4 f I f t I I ! I . I — r T T f i~ { ' changes are characteristic of severe 

hyperkalemia. B, Tracing made 
1!^ hours later following hyper- 
tonic glucose and insulin. 

The QRS complexes have become narrower and the right bundle 
branch block has disappeared. Marked clinical improvement of the 
patient occurred during this time. C, Tracing made four hours later 
following intravenous sodium lactate. Notice that the P waves have re- 
appeared and further narrowing of the QRS complex has occurred. 
No further improvement was obtained when calcium gluconate was 
administered intravenously. The changes illustrate the marked electro- 
cardiographic improvemenl that can result in a short period of lime 
from these simple measures. 


u-x_d_' iLlxiJ. 
LililiXT-i-M-i. 
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produce prolongation of the P-R Interval, 
but more commonly produces prolongation of 
the Q-T interval and lower or slightly in- 
verted T waves. The latter may be seen in 
the tracing taken before and several days 
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Fio 242 The electrocardiogram of hypo- 
kalemia; A, The serum potassium was 29 
mEq /h at this time. Note the characierislic 
RS-T shifts and low T waves of hypokalemm. 
B, Reiurn of tracing to a more normal appear- 
ance due to a fall m the serum sodium level 
without a change m the serum potassium IcveL 


after the use of the drug in a 12-year-oM fe- 
male (Fig. 239). Large inversions of T waves 
should not be attributed to emetine. 

Electrolyte Disturbances 

The electrocardiographic manifestations of 
changes in the body electrolytes are usually 
related to changes in the concentrations of 
the serum cations. Although changing levels 
of the serum potassium and calcium concen- 
trations produce striking electrocardiographic 
changes, changes in the serum sodium level 
do not produce changes per se, but, as will 
be discussed below, the serum sodium level 
does play an important role in determining 
the degree of electrocardiographic change 
produced by an abnormal potassium concen- 
tration. 

SERUM POTASSIUM. The first electrocardio- 
graphic evidence of hyperkalemia (an eleva- 
lioR of (he serum potassium level) is an in- 
creased amplitude and peaking of the T 
waves. This is usually most easily noticed in 
the V leads from the anterior chest, but is 
also present to a lesser degree in other leads. 
In serial tracings caution should be exercised 
to place the chest leads in exactly the same 
anatomic position as previously, and even the 
QRS complexes should be compared to as- 
sure that this has been done before great sig- 
nificance is attached to T wave changes. 
Changes due to a progressively rising serum 
potassium can be seen in Fig. 240 and can 
be compared to the normal tracing taken 
three years earlier. Such changes begin with 
serum levels of approximately 6.5 mEq./L., 
but as will be described later, other factors 
influence the degree of electrocardiographic 
changes seen with any given serum potassium 
level. With further increase of the serum po- 
tassium level, there is depression of the RS-T 
segment (Fig. 240£^ and then widening and 
flattening of the P w^es followed by auricu- 
lar asystole. Later intravent ricular conduc- 
t ion delay with pf oc rcssive wideni ng iTf the 
QRS complex occurs (Fig. 240D). Finally, 
an idioventricular rhythm results and death 
may occur with veniriculaf fibrillation or ar- 
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rest as in Fig. 240F. The last two complexes 
of Lead III in this figure were followed by 
cardiac arrest; the serum potassium level at 
(hat time was 9.1 mEq. L. Death commonly 
results at serum levels above 9 raEq./L. 

Electrocardiographic changes arc also to be 
expected in hypokalemia, but again the 
changes seen are not specific for any given 
level of serum potassium nor are they related 
quantitatively to the symptoms of hypoka- 
lemia. These symptoms seem to be related 
to the rapidity of change rather than to the 
absolute serum levels. Electrocardiographic 
changes are to be expected at levels of 3.0 
mEq./L. or lower. Hypokalemia causes a 
prolongation of the Q-T interval together 
with fiattening or even inversion of the T 
waves and depression of the RS-T segment. 
Prominence of the U wave may also occur, 
and this, if not recognized, may give a false 
impression of the degree of Q-T prolonga- 
tion. Figure 142A shows the tracing of a pa- 
tient with hypokalemia (serum potassium of 
2.9 mEq./L). As mentioned in relation to hy- 
perkalemia, other factors influence the degree 
of change expected with any given serum 
potassium level. The change in Fig. 242B to 
the more normal tracing was not due to an 
elevation of the serum potassium, but rather 
to a fall in the serum sodium level to 112 
mEq./L. Occasionally the RS-T segment 
and T wave changes of hypokalemia do not 
present the typical pattern and the T waw 
of some tracings mimic the T waves of 
ischemia. Figure 243 is the tracing of a 15- 
year-old female in diabetic acidosis and this 
tracing is similar to that of lateral ischemia. 

When these changes were first recognized 
it was hoped that the electrocardiogram 
would offer a simple and accurate estimate 
of the serum potassium level. Unfortunately 
this has not proven to be true. Experiments 
and clinical observations have failed to re- 
veal a close correlation between the potas- 
sium level and the electrocardiographic 
changes. Also the presence of organic heart 
disease, digitalis effects, and abnormal levels 
of other electrolytes (sodium and calcium) 



ored female with hypo- 
kalemia. Note that in an 
older person this might 
easily Im misinterpreted as 
lateral wall ischemia. 
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greatly influence the degree of change to be 
expected from a given elevation of the serum 
potassium level. Thus knowledge of the ac- 
tual serum potassium level is of utmost im- 
portance in the diagnosis of either hyper- or 
hypokalemia. Once the diagnosis is estab- 
lished, the electrocardiogram serves as a guide 
to further changes in the serum potassium 
level and probably is a better index of the 
degree of myocardial toxicity due to hyper- 
kalemia than the serum potassium concentra- 
tion. 

SERUM soDiui-t. As mentioned above, the 
serum sodium level Influences the degree of 
change resulting from a given serum potas- 
sium elevation. If the serum sodium level is 
low the electrocardiographic effects of hyper- 
kalemia are exaggerated, and in the presence 
of hyperkalemia, increasing the serum sodium 
level causes partial retrogresilon oi the 
changes in the tracing. Digitalization and in- 
creasing the serum calcium level cause a simi- 
lar retrogression of the changes due to hyper- 
kalemia. The knowledge that the electrocar- 
diographic changes of hyperkalemia can be 
reduced by these measures is important clini- 
cally since it redecls a decrease in the myo- 
cardial toxicity due to hyperkalemia. The use 
of these substances, as well as the use of 
hypertonic glucose and insulin to promote 
the formation of Hver glycogen thereby bind- 
ing potassium and reducing the serum potas- 
sium concentration, often produces a marked 
decrease in the electrocardiographic manifes- 
Ss^kvfs cf 5ucb chai^ges can 

be seen in the tracing in Fig. 241. 

SCRUM C.SLCJUM. Hypocalceoiia is seen in 
a variety of clinical states. When the serum 
calcium level falls below 7-8 mg/100 cc. 
blood, electrocardiographic changes may re- 
sult. The usual change due to hypocalcemia 
is a prolongation of the Q-T interval. Char- 

Fw 244. EJectrocardio^am in hypocal- 
cemia. The Q-T interval is prolonged to 0 40 
second (upper limit of normal for this rale is 
033 second). Note the prolonged isoelectric 
RS-T segment and the T waves of normal form. 
Compare the RS-T segment shifts and low T 
waves due to hypokalemia in Fig. 242. 
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Fio. 245. Tracing made on a patient with hypothyroidism. A, During thyroid therapy. B, 
After discontinuing thyroid therapy. C, D, and E. Tracings made at intervals following the 
mnsljiuJJao of ibysok} tberspy. fiote thsJ even few yean aJSer the jeinslituljan of mediolJo!^ 
the tracing is sUll not completely normal. 


acteristically, this prolongation involves only 
the RS-T segment; the T wave is unchanged. 
With very low serum calcium levels the Q-T 
interval may become almost doubled. Rgure 
244 shows the tracing of a patient with hy- 
pocalcemia; the Q-T interval is 0.38 sec. 
whereas the normal Q-T interval for this 
rate (111/min.) is 0.33 second. Occasionally 
the typical pattern (a normal T wave follow- 
ing a prolonged isoelectric RS-T segment) is 
not present and the T waves are lowered or 
even changed in directioin. In such instances 
one will have difficulty in differentiating be- 


tween the electrocardiographic effects of hy- 
pocalcemia and ischemia. 

Hypercalcemia is seen less commonly than 
hypocalcemia and manifests itself electrocar- 
diographically by shortening the Q-T interval 
below the normal value. A prominent U wave 
may also occur. 

Metabolic Diseases 

Electrocardiographic changes are seen in a 
number of metabolic diseases. In many of 
these diseases, e.g., diabetic acidosis, Addi- 
son’s disease, hypo- and hyperparathyroidism, 
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these changes result from electrolyte imbal- 
ances. The effects on the electrocardiogram in 
other diseases are not dependent on altera- 
tions in the serum electrolytes. 

In hyperthyroidism there is usually an in- 
creased heart rate. Frequently the P-R inter- 
val IS not shortened proportionally to the in- 
creased heart rate as is usual m sinus tachy- 
cardia and thus the P-R interval may be pro- 
longed for the heart rate. The T waves are 
frequently increased in magnitude denoting 
an increased magnitude of the ventricular 
gradient. 



Fio. 246 The electrocardiogram 
of acute glomerulonephritis. This trac- 
ing from a 4.year-old demonstrates 
the marked T wave changes frequently 
seen in this disease. 


In hypothyroidism the voltage of the QRS 
complex and the T wave may be low. Since 
this change is seen in the absence of myx- 
ederaa, it is not due to a decreased skin con- 
ductivity. Also, T waves which are normally 
upright may become inverted. Following the 
administration of thyroid the T waves usually 
improve, but they may never completely re- 
turn 10 normal. Figure 245 shows serial trac- 
ing on a female in her early forties with hy- 
pothyroidism. When the first tracing was 
made she was taking thyroid extract. This 
medication was discontinued prior to the sec- 
ond tracing and the T wave changes described 
above can be noted. Following this tracing, 
thyroid was reinstituted and the third and 
fourth tracings show progressive improve- 
ment. From the QRS complexes of the last 
tracings which was made four years after the 
resumption of her medication, it can be seen 
that a change in her cardiac position has oc- 
curred. However, even though the T waves 
are improved they have not returned com- 
pletely to normal. 

Electrocardiographic changes also occur in 
eettte glomernhnephrtiis. Jn some patients 
with this disease the QRS complexes become 
smaller, but the most characteristic electro- 
cardiographic changes fn glomerulonephritis 
are found in the T waves. LaDue and Ash- 
man. in a review of 101 cases of this disease, 
found that in approximately 40 per cent of 
cases the ventricular gradient was deviated 
markedly to the right resulting in a lowering 
or inversion of Ti and an elevation of Tm. 
Lowering or inversion of the T waves m V^, 
V 3 , and Vo may also occur (Fig. 246). In 
several of their patients in whom the gradient 
was deviated to the right there was also a pro- 
longation of the Q-T interval. They called 
attention to the resemblance of this pattern 
to that of ischemia of the free wall of the 
left ventricle and suggested that the sudden 
and rapid onset of hypertension and cardiac 
dilataUon were responsible for a myocardial 
metabolic change which was most marked in 
the free wall of the left ventricle. 
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15. Heart Disease of Various 
Etiologic Types 


flyperienshn 

Patients may have hypertension — even 
above 200 mm. Hg aytolic — for many years 
without showing electrocardiographic changes. 
On the other hand electrocardiographic 
changes indicating the presence of left ven- 
tricular hypertrophy may develop rapidly or 
very slowiy over a period of years. The same 
patient may have no cardiac symptoms and 
no discernible increase in the size of the 
cardiac silhouette, fn others ischemic changes 
may be superimposed upon the electrocardio- 
graphic signs of hypertrophy although no pain 
or other cardiac symptoms have occurred. 
Frank angina and infarction are probably 
more common than in the nonhypertensive 
patient. 

Acute pulmonary edema or more insidious 
cardiac failure may occur at any stage of 
the evolution of electrocardiographic changes. 
Left or right bundle branch block may and 
Irequently does supervene. 

The changes characteristic of left vcn- 
A'lWilrr Aj’perfrspit}’ as S 

are frequently referred to as evidences of left 
ventricular “strain." This concept seems to 
be a rather vague one. Its one justification 
seems to be the implication of reversibility, as 
after sympathectomy. Actually this implica- 
tion shou’d not be eliminated by employment 
of the designation hypertrophy as cardiac 
surgery has amply proven in congenital and 
rheumatic hear! disease. Furthermore, there 
is frequently a notable absence of the 
empirical "strain" pattern in persons whose 
left ventricles have been "strained” to the 
point of failure. 


Auricular pathology, with broad, notched P 
waves and prolongation of the P-R interval 
of various degrees, sometimes terminating in 
partial or complete atrioventricular block is 
not uncommon. Very frequently auricular 
premature beats occur more and more fre- 
quently until finally auricular flutter, or 
auricular fibrillation occurs, at first in parox- 
ysms and, finally (in some) fibrillation be- 
comes the fixed mechanism. Spontaneous 
ventncular tachycardia is less common. 

Syphilitic Heart Disease. 

In aortitis with involvement of the coronary 
vessels the electrocardiogram may show the 
changes described in Chapter 1 1 . 

With aortic regurgitation the electrocardio- 
gram may show the changes which result 
from left ventricular hypertrophy. 

Rheumatic yalvular Disease 

The electrocardiographic changes in rheu- 
matic myocarditis and in pericarditis are 
Jjfose- he.edfjgsi 

In rheumatic mitral stenosis the chief 
changes are in the left atrium and in the 
right ventricle. The atrial changes produce 
broad notched P wave quite regularly and 
these may become very large even in the 
limb leads. In Vj and Vj the P wave may 
become diphasic and sharp at its peaks. In 
extreme cases the P waves may become so 
large that they resemble QRS complexes (sec 
Fig. 196</). Evidence of right ventricular 
hypertrophy (q.v.) may or may not be 
clear. 

>Vhen there is mi/ral regurgi/alion, an 
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aortic lesion, hypertension, or other complicate 
ing factors, left ventricular hypertrophy may 
also be present (see hypertrophy of both 
ventricles, pp. 224—226). Under these circum- 
stances the evidence of the presence of right 
ventricular hypertrophy may be clear or may 
be masked by the left ventricular hypertrophy 
(Fig. 196, p. 227). ^Vhile right bundle branch 
block is common, left bundle branch block 
may occur. 

Cardiac mechanism disturbances of any type 
may occur. Auricular fibrillation is the most 
common. 

Coronary disease may occur in rheumatic 
heart disease and any of the changes oc- 
curring in this condition may also occur. 
However, it is necessary to point out that at 
times when right or right and left ventricular 
hypertrophy occurs in rheumatic valvular 
disease a large Q wave and inverted T wave 
may occur in Leads II and III so that the 
tracing Is difficult to distinguish from that of 
diaphragmatic infarction. In addition the targe 
R in Vi and Vj due to right ventricular 
hypertrophy may be indistinguishable from 
the same deflection due to posterolateral in- 
farction. 

Congenital Heart Disease 

In patent ductus arteriosus the tracing may 
be normal, or may show evidence of right 
or left ventricular hypertrophy or both. 

In pure pulmonary stenosis the electro- 
cardiogram shows evidence of right ventricular 
hypertrophy and, usually, high peaked P 
waves. In Eisenmenger's complex and the 
tetralogy of Fallot right ventricular hyper- 
trophy is generally evident. 

In interatrial septal defect the electrocardio- 
gram may be normal, or may show evidence 
of right ventricular hypertrophy with or with- 
out right bundle branch block. 

In interventricular septal defect the electro- 
cardiogram may be normal or may show 
right or left ventricular hypertrophy or both. 

In tricuspid atresia, as might be expected, 
the tracing shows largely left ventricular 
effects. 


In coarctation of the aorta and subaortic 
stenosis the electrocardiogram may be normal 
or may show evidence of left ventricular 
hypertrophy. 

In transposition of the great vessels there 
is evidence of hypertrophy of the right ven- 
tricle or of both ventricles. 

Beri-Beri Heart Disease 

When the heart shows changes in beri-beri 
the T waves are generally low. No other 
characteristic change is seen. 

Anemia 

No characteristic change in the electro- 
cardiogram occurs in anemia. Tachycardia 
may occur. Occasionally mtddle-aged and 
older persons with anemia present symptoms 
and electrocardiographic changes typical of 
angina. These frequently disappear when the 
anemia is corrected. Such cases must be 
evaluated individually. 

Pericarditis 

In early acute pericarditis the electrocardio- 
gram shows the evidence of diffuse epicardial 
injury described in Chapter 6. Figure 247 is 
a series of tracings from a patient with acute 
pericarditis due to rheumatic fever. The first 
traangs show the injury shifts referred to 
above. After a variable period of time the 
fracings show changes which suggest that 
repolarization in the epicardial fibers has 
been slowed. Inverted T waves appear. These 
may become quite deep. Finally after several 
weeks or months the tracing may return to 
normal. 

Myocarditis 

Acute degenerative disease in the myocar- 
dium occurs especially in actue rheumatic 
fever and diphtheritic myocarditis. 

RHE^/^^A^c MVOCARDITIS. Here especially 
the earliest electrocardiographic sign may be a 
delay in atrioventricular conduction evidenced 
by prolongation of the P-R interval. Occasion- 
ally it is noted, when a sinus arrhythmia is 
present, that those complexes which follow 
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the shortest cjxle lengths have the longest 
P-R intervals. 

The Q-T interval may be prolonged as a 
result of rheumatic myocarditis. T wave 
changes may occur. 

DipHTHERmc MYOCARDITIS. Changes in the 
electrocardiogram in diphtheritic myocarditis 
may be of any description. Early one may see 
simply a prolongation of the P-R interval, 
then a prolongation of the Q-T interval. Any 
type of T wave change, QRS change, or mech- 
anism disturbance may occur. (Fig. 248). 

FIEDLER’S MYOCARDITIS. In cases that are 
so classified, just as in diphtheritic myocarditis, 
any type of electrocardiographic change may 
occur. Figure 227 (p. 258) is a series of trac- 
ings made on such a patient. The striking 
feature m this case was that the patient 
neither appeared ill nor felt very ill when 
these tracings were made. The only evidence 
that death was imminent was contained In the 
electrocardiograms. Death occurred within 72 
hours. 


a b 




Fio. 248. Dirhlheritic myoeardilis in a 5* 
yeat'Old child in early stage and a few days 
later. Death ensued. 


16. Vectorcardiography and Spatial 
Vector Electrocardiography 


Throughout this book, as far as possible, 
electrocardiographic phenomena have been 
presented in terms of the spatial QRS loop 
and the mean spatial QRS, T, and gradient 
vectors. The various spatial QRS loops and T 
wave vectors for the normal and abnormal 
conditions represented are not empirical; they 
are developed upon a physiologic basts which, 
although it is hypothetical, accords well with 
the greater portion of electrocardiographic 
data. Publication of a detailed presentation 
of the logical application of the baste hypo* 
thesis to a variety of abnormal conditions has 
been withheld for a period of 1 2 years because 
it was felt that only long-term observation of 
many patients and many autopsies could 
confirm or destroy the hypothetical basis. 

The entire development depends for its 
spatial or three-dimensional construction upon 
inferences drawn from frontal plane observa- 
tions. It cannot be denied that this method 
has its limitations. If one could actually record 
the spatial QRS loops and T loops or vectors 
j by a satisfactory method some of these limita- 
tions would be removed. For instance, it 
might then be possible to detect that a T-wave 
vector such as that of Fig. 159 (p. 1 85) has a 
direction that lies out of the plane of the QRS 
loop to a greater extent than may be tolerated 
for the normal. For some years aCCempfs have 
been made to record spatial loops and vectors 
by various methods. The principle involved 
is as follows: If, in addition to the loops or 
vectors recorded on the frontal plane one can 
also record or construct loops or vectors in a 
plane perpendicular to the frontal plane it 
would be possible to construct the spatial 


loop and vectors much as one might construct 
a three-dimensional view of a box from the 
front and the side views. 

It seems important at this time to discuss 
some of the methods that have been employed 
in attempts to record spatial loops directly 
and to construct spatial vectors from leads. 

The recording of loops with the cathode 
ray oscilloscope has come to be known as 
vectorcardiography. 

Vectorcardiography 

The cathode ray oscillograph is simply a 
galvanometer of remarkable characteristics 
(when adjusted properly). Its frequency 
response (if not vitiated by characteristics of 
accessory amplifying equipment) Is superior 
to that of any other electrocardiographic ap- 



Fk. 249. Diagram of principles of oscillo- 
graph. 
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Ffc. 220. In A the QRS loop has a figure-of-eight form. This can 
be {fetermined qui'te easily from (be feacfs above because the loop 
crosses the line of aVt which is perpendicular to Lead III, producing 
an RSR' complex in the latter lead. However, in <4-6 the QRS loop 
crosses no lead line and it is not possible to know from the leads 
whether it is inscribed in a clockwise or counterclockwise manner. 
This can be determined with the oscilloscope, a and b ol A are made 
before and after a deep breath. 


paratus. Its recording is accomplished by the 
movement of a dot on the face of the tube. 
There are four terminals, two for the hori- 
zontal or X axis and two for the vertical or 
Y axis. Potential differences applied to the 
horizontal terminals move the dot horizontally 
and potential differences applied to the vertical 
terminals move the dot vertically (Fig. 249). 


The X axis may be employed for the record- 
ing of time (sweep) and complexes can be 
recorded very accurately from any lead and 
on almost any desirable time base. Since the 
two axes of the conventional oscilloscope are 
perpendicular to one another it should be 
possible, theoretically, to plot the frontal plane 
loop automatically if we introduce Lead I 
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Fig. 251 Electrical effects of two oppositely 
directed waves of excitation The upper diagram 
shows solid angles to both waves of excitation 
when the electrode is moved progressively 
nearer the heart from P to P" When the elec* 
trode (5 at P the negative solid angle h larger 
and the potential at F U negative. When the 
electrode is at P' the solid angles are equal and 
the potential is zero. When the electrode is at 
P" the positive solid angle is larger and the 
potential is positive. While the contour*eccen* 
tricity effects distort this representation tbe prin- 
ciple is undoubtedly qualitatively correct and 
evidence of its application is best seen in right 
ventricular hypertrophy. 

into the horizontal axis and lead Vp into the 
vertical axis, for the lines of these two leads 
are horizontal and vertical respectively. In 
doing this Vp is usually increased (by amplifi- 
cation adjustment) by the factor V'3. Such 
frontal plane loops do not correspond precisely 
to the loops that might be derived from the 
plotting of Lead I and Lead III on the 
Einthoven triangle but they are usually quite 
close. Only oscilloscopes whose axes are con- 
structed at a 60® angle instead of a 90® angle 
can record precisely the loops that correspond 
to the limb leads. 

Other opinions to the contrary notwith- 
standing it is easily possible in most cases to 
plot quite accurately the frontal plane QRS 
loops from ordinary electrocardiographic leads 


as described on page 26. The accuracy of this 
method is enhanced by employing the uni- 
polar limb leads in addition to the three 
standard limb leads after adjusting their 
magnitude by multiplying them by v'3.* It 
does not depend upon the accuracy of the 
simultaneity of the recorded leads since only 
the peaks of the deflections are used. 

There are cases, however, in which the 
form of the complexes permit alternate forms 
for the QRS loop as plotted from ordinary 
electrocardiographic limb leads. Whether this 
will prove a clinically important fact has not 
yet been determined. Again, in left bundle 
branch block plotting the loop without an 
osciYfoscope becomes dfficuft, tedious, and 
probably inaccurate because the peaks of the 
complexes are so broad and shattered. Finally, 
if a loop (QRS or T) docs not cross one of 
the sU limb lead lines it will be impossible 
to know whether it is inscribed in a clockwise 
or counterclockwise manner without an oscil* 
loscopic record. This may in some conditions 
prove to be important (Fig. 250), 

SPATIAL VECTOaCARDIOGRAPHY. AS Stated 
above attempts have been made to construct 
the spatial QRS and T loops with the oscil- 
loscope by recording loops in two planes 
perpendicular to one another. In the tetra- 
hedron method of Wilson the frontal plane 
loop is recorded as described above and a 
horizontal loop is recorded by plotting Lead 
I against an anteroposterior lead obtained by 
connecting an electrode placed one inch to 
the left of the seventh thoracic spine to the 
central terminal. A sagittal view of the loop 
may be recorded by oscilloscopic plotting of 
the same anteroposterior lead against Vj.. 

In the “cube” method ail of the electrodes 
are placed upon the chest and horizontal, 
vertical, and anteroposterior leads arc ar- 
ranged in different ways by the various in- 
vestigators Grishman, for example, employs a 
horizontai lead across electrodes which are 
placed in each posterior axillary line at a level 
somewhat below the inferior angles of the 

• If the Goldbcrger leads are used for this 
purpose the correction is less. 
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Fio. 252. A, The electrical field about a layer of dipoles. B, The electrical field about a 
single dipole of the same electrical moment. Note that with the dtpole layer higher potentials 
would be expected to reach the surface of the anterior chest wall than appear in the same 
areas of the diagram for the single dipole. Other differences may be important. 


scapulae. His vertical lead utilizes an electrode 
behind the right shoulder and the electrode of 
the right end of the horizontal lead described 
above. His anterior-posterior lead pairs this 
same electrode with an electrode placed on 
the anterior axillary line at the same level. 

In attempts to preserve the theoretical 
concept of a single central dipole and equidis- 
tant electrodes the advocates of both frames 
of reference made calculations to determine 
the adjustment in amplification that would 
be required to correct for the different dis- 
tances between the electrodes and heart. 

Actually of course, even the limb lead 
electrodes are not equidistant from the heart 
(as was assumed in the early chapters) for 
the heart obviously occupies an eccentric 
position with respect to the apices of a tri- 
angle formed by the two shoulders and the 
symphysis pubis (or umbilicus). Furthermore, 
the body is not a sphere nor is it of un- 
limited extent and thus the effect of contour 
also tends to alter the validity of our earlier 
assumptions. Finally, the question as to 
whether the electrical phenomena accompany- 
ing the heart beat can be regarded as if they 
were derived from a single stationary dipole 
requires clarification. Nonhomogeneity seems 
to be a less important factor. 

It is impossible to furnish here a complete 


discussion of these subjects. However, some 
understanding of them is necessary to avoid 
confusion. 

SINGLE DIPOLE REPRESENTATION. With re- 
gard to the matter of single stationary dipole 



Fkj. 253. The figure shows only the general 
order of the eccentricity effects as the axis of the 
dipole is changed from -I- 90 degrees to —30 
degrees as projected upon the frontal plane. 
The solid tipped vectors of eccentric point of 
origin represent the true spatial axis of the 
dipole. The black tipped vectors are the cor- 
responding manifest vectors. Neither the extent 
of deviation of direction nor variation in magni- 
tude of the manifest vectors is intended to be 
quantitative. (From Gardberg, M. Circulation 
70:544. 1954. By permission of Grune & Strat- 
ton. publisher.) 
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Fjg. 254, Tbis figure shows Ibe efffct of eccentricity, assuming the center of the heart is 
below and to tbe left of the center of the Einihoven triangle a shows the projection of the 
actual Spatial loop (in dashes) of a heart with anatomic axis at 30* and rotated slightly clock* 
wise, the apex of the heart being viewed. The finely dotted loop is the manifest loop which 
results from the application of the approximated theoretic eccentricity effects, b depicts the 
effects of eccentricity when the anatomic axis of the heart u at 55* and the heart is rotated 
slightly counterclockwise, e depicts the effects of cccentrKiiy when the anatomic axis is at 5* 
and the heart is rotated slightly clockwise. 

Note that m a the manifest (dotted) loop is that of a more clockwise heart as a result of 
eccentricity while in f> it is that of a more counterclockwise heart than that which the actual 
(dashed) loop represents. In e the loop b simply widened and shortened (From Gardberg, M. 
Circulation /0'S44, 1954. By permission of Crune & Stratton, publisher.) 


representation the reader will recall that 
throughout this book we have employed this 
concept (implicit m the vector method) in the 
analysis and synthesis of (he limb feeds, but 
that tt was replaced by the solid angle method 
in the analysis and synthesis of the precordiel 
leads. Theoretically, If two waves of excitation 
are present simultaneously the vector method 
may do well enough for a distant electrode 
but if the electrode is moved closer to the 
heart vector representation breaks down and 
may produce errors in polarity (Fig. 251). 

Since in the normal heart the wave of 
excitation in the right ventricle is never very 
large at a time when its effect opposes that 
of the wave of excitation in the left ventricle, 
and since it also does not last very long it 
may be that single dipole representation will 
be found to be sufficiently accurate even for 
the chest leads. Frank has found it accurate 
within 10 per cent in a single human studied.* 
However, in the presence of bundle branch 
block and especially in right ventricular hyper- 
trophy it is difficult to believe that eitlwr 

•The writer is not prepared at Ibis time to 
evaluate the significance of an error of =^10 
per cent in relation to this problem. 


single dipole or stationary dipole representa- 
tion can hold even approximately for the 
chest leads and probably it is occasionally 
erroneous even for the limb leads. The closer 
to the heart the electrode is placed the greater 
Will be the evidence of the fallacy of single 
dipole representation of the potentials de- 
veloped at that electrode and the greater wilt 
be the error in vector construction employing 
that electrode. The back electrode of the 
**tetrahedron” is such a close electrode. The 
anteroposterior lead of the cube employs 
two chest electrodes one of which (the an- 
terior) is close to the heart. Figure 252 sug- 
gests another error that may occur as a result 
of the application of single dipole representa- 
tion to chest potentials. 

ECCENTRICITY OF THE HEART. The effects Of 
eccentricity of the heart position with respect 
to the two shoulders and the third apex of 
the Einthoven triangle (wherever it may be 
anatomically) has been studied mathematic- 
ally and experimentally. They may be repre- 
sented in cither of two ways: (I) by changing 
the shape of the triangle as was originally 
done by Burger; or (2) by a diagram showing 



Frc. 255. The back electrode of the tetra- 
hedron. F is an electrode on the back (tetra- 
hedron). B' IS a theoretical electrode at twice 
the distance from the heart as B. The con- 
tinuous line (horizontal) loop is drawn from 
the theoretical potentials at B’. The dashed loop 
is that drawn from the potentials which are 
calculated for B. The dotted loop results from 
correcting for distance the potentials calculated 
for B. Note that this results in compression of 
the loop from front to back both for the apex 
back heart on the left and for the apex forward 
heart on the right, but especially the latter. Note 
abo that if the apex were a bit more forward so 
that at 0.04 second the vector were F this vector 
and the loop would be made to point forward. 
(From Gardberg, M. Circulation 10:544, 
1954. By permbsion of Crune & Stratton, pub- 
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change in vector direction and magnitude due 
to eccentricity (Fig. 253). l/nfortunately, 
largely as a result of the limiting contour of 
the torso, the degree of eccentricity exerts a 
marked effect upon the degree of deviation 
of the manifest vectors and it is not at th!< 
time possible to know what degree of eccen- 
tricity effect is present in any given case. In 
general, however, the manifest vectors are 
rotated and changed in magnitude in a rather 
systematic fashion roughly as shown in Fig. 
253. The general effect is an exaggeration of 
the effects of rotation of the heart. (Fig. 254). 

The approach to the study of the effect of 
eccentricity upon the manifest QRS loops 
depends upon whether one adheres to sta- 
tionary single dipole representation or to 
the idea that the dipote moves during depotar- 
uation of the ventricles. Despite the results 
of cancellation experiments it seems prema- 
ture at this time to generalize. Stationaiy 
dipole representation will probably not hold 
for some cases Certainly single dipole repre- 
sentation does not. 

The effect of eccentricity of the heart upon 
the chest leads is greater than it is upon the 
limb leads for here the contour of the torso 
has an even greater effect. If a single electrode 
is employed on the back (as b done by oscll- 
lographers employing the tetrahedron) and it 
is assumed that single centric stationary dipole 
representation holds, serious errors even in- 
volving polarity will occur in the vectors 
constructed by the oscillograph (Fig. 255). 
No adjustment of amplification (to increase 
the theoretical distance) can be made to 
compensate for these errors. Since employing 
a single electrode anywhere behind the left 
ventricle produces the same errors the “tetra- 
hedron" must be discarded. 

For clinical purposes it is unnecessary for 
the method of recording spatial loops to be 
absolutely accurate. The manifest veeftws de- 
rived from the limb leads are not absolutely 
accurate and yet as employed throughout this 
book they are very valuable for clinical pur- 
poses. However, any method employed must 
give fairly consistent results. The anteropos- 


terior lead of the "cube" or “double cube” as 
employed by Grishman is more consistent 
than that of the tetrahedron and has made it 
possible for Grishman to find, in a general 
way, the changes in the QRS loop that result 
from infarctions in various locations which 
the writer had developed theoretically (in 
even more detail) on the basis of the hypoth- 
esis of the sequence of activation which was 
originally published by Gardberg and Ash- 
man in 1943. (See Apendix III.) Both the 
cube and the tetrahedron, however, produce 
loops which are compressed jrom front to 
back. 

Though the writer is inclined to view the 
anteroposterior lead of the cube with caution 
it is probable that in most conditions it will 
not cause the horizontal loop to be inscribed 
clockwise instead of counterclockwise or vice 
versa. One group of conditions constitutes a 
notable exception to this statement: right 
venlricu'ar hypertrophy, right bundle branch 
block, and combined hypertrophies. The hori- 
zontal loop of the Grishman method at an 
early age is inscribed in a clockwise manner. 
At one month a change takes place and there- 
after this loop is inscribed in a counterclock- 
wise manner. It is doubtful (on theoretical 
grounds) that this early clockwise inscrip- 
tion of the horizontal loop is correct. One 
would expect this only if the right ventricle 
were thicker than the left. Carefully con- 
trolled studies may prove that the exaggera- 
tion of right ventricular effects by Grishman’s 
method will prove an advantage rather than a 
disadvantage, but his statement that in normal 
children the horizontal loop is not inscribed 
clockwise IS not true in early infancy. On the 
other hand the back electrode of the tetra- 
hedron frequently, but not always, exagger- 
ates the left ventricular effects (Fig. 256). 

In left bundle branch block Grishman’s 
method causes the horizontal loop to start 
backward and to the left and finally forward 
and to the left. This clockwise inscription of 
the horizontal loop is not to be expected in 
ordinary left ventricular hypertrophy (sec Fig. 
65), However, in some left bundle branch 



Fio. 256. The aotenor posterior leads of the cube and the tetrahedron. A, Standard limb 
leads, precordial leads, and vectorcardiographic loops from a child S years of age with 
pulmonic stenosis and atrial septal defect. There is right bundle branch block (electrocardio- 
gram) and undoubtedly right ventricular hypertrophy (clinical data) a. Frontal plane loop of 
the tetrahedron, b. Simultaneously rccordol horizontal loops using the back electrode of the 
tetrahedron (below) and the A-P lead of the cube (above); both are plotted against Lead I. 
e, Horizontal lead of tbe cube as recorded by Crishman’s leads. 

It is noted in this case that the A-P lead of the tetrahedron records greater potentials when 
the portion of the loop for which the left ventricle is largely responsible is being inscribed, 
while the A-P lead of the cube records greater potenliafs when the portion of the loop for 
which the right ventricle is largely responsible h being inscribed. 

B, Standard limb leads, precordi'al leads, and vectorcardiographic loops from a 6-year-otd 
child with coarctation of the aorta. The precordial leadt were recorded at one fourth the usual 
standardization and the vector loops at one half the standardization employed in recording 
other loops seen in this book, a. Frontal plane loop (tetrahedron), b. Horizontal loop made 
with the anterior posterior lead of tbe cube c. Horizontal loop made with the anterior posterior 
lead of the tetrahedron. Note that in tbb case in which left ventricular effects predominate the 
anterior posterior lead of the tetrahedron gives tbe vecton much larger anterior posterior 
components than does the cube. 
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blocks the horizontal loop is not inscribed in 
a clockwise manner but is more like the loop 
of Fig. 81. The most characteristic feature 
of the left bundle branch block loop is the 
relatively great amount of time that the dot 
spends in one relatively sinall portion of the 
loop — usually near the part most remote from 
the origin. The absence or small size of an 
early rightward-directed portion is notable. 
The inscription of a loop in the clockwise 
manner is to be expected of large anterior 
infarctions and if the septum is also widely 
involved the early rightward portion of the 
loop is absent even when left bundle branch 
block is absent. If there is also hypertrophy 
of the left ventricle the QRS may be wide 
and the loop may be as long in duratiort as in 
some left bundle branch blocks. One cannot 
help but feel that the so-called disDoction 
between left bundle branch block and left 
ventricular hypertrophy by means of hori- 
zontal loops is accomplished by establishing 
arbitrary cnteria. If the distinction between 
left bundle branch block, left ventricular 
hypertrophy, and anteroseptal infarction can- 
not be made from examination of alt of the 
limb and precordial leads it seems unlikely 
that it can be made from using two electrodes 
on the chest, one of which is significantly 
closer to the heart than the other. 

It seems that employment of the limb 
electrodes for recording the frontal plane loop 
is superior to the method which Grishman 
uses for that purpose, and it is difficult to see 
why Grjsbman should sacrifice the advantages 
of the Emthoven method. The former’s 
anteroposterior lead is superior to that of the 
tetrahedron. This lead may make it possible 
to make studies of the spatial gradient that 
Will result in satisfactory correlations. How- 
ever, again it must be established that con- 
sistent results can be obtained in serial ob- 
servation on the same patient before clinical 
conclusion can be drawn from changes which 
may be noted. This will be discussed further. 

Other more complicated methods are not 
available to most and require closer examina- 
tion before they can be recommended. A 


method devised by and presently under in- 
vestigation by Ernest Frank may prove suffi- 
ciently accurate and practical but no 
conclusion can yet be drawn. There is the 
ever-present danger of too early generaliza- 
tion. A method which may be proven to bold 
for one subject may be extremely inaccurate 
for another. 

For these reasons it seems, at the present 
time, that the inferences drawn from the 
frontal plane observations and the precordial 
leads are more accurate for construction of 
the spatial QRS loop than any oscilloscopic 
method which has, thus far, been devised. 
The reader may have noted the extent to 
which they prove useful in the analysis of a 
great part of the observed electrocardio- 
graphic phenomena in health and disease. 
One can think in terms of the spatial loop 
without recording it directly. When a satis- 
factory method of recording is found it is 
believed that the spatial loops recorded in 
each condition will correspond reasonably 
welt to those presented in this book. Crish- 
man’s loops do (his fairly well though one 
need not agree with every conclusion he has 
drawn from them. 

Due to the sensitivity of the body surface 
potentials to the dipole location which has 
been described above, even records made with 
a very accurate “orthoganol” system (Frank, 
Schmitt) must show variations from beat to 
beat due to varying eccentricity effects. Fur- 
thermore, if the patient takes a deep breath 
the accuracy of the record must be affected 
tremendously. Finally, abdominal distension 
and changes in posture must also have some 
of the same effects. 

It is not to be inferred that the writer 
believes that recording with the oscilloscope 
is valueless. Certain details of both the frontal 
plane QRS and T loops mentioned above 
require attention and there is the possibility 
that some problems will yield to the method. 
If a method is evolved that eliminates much 
of (be eccentricity-contour effect more satis- 
factory correlations may be found in studying 
a Variety of electrocardiographic phenomena. 
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but this is by no means certain. (Fig. 257). 
The eccentricity contour effects may serve to 
"bring out” abnormalities as often as they 
conceal them. 

Many signs that are being “discovered” in 
“spatial” loops were already known to those 
who have been thinking of leads as projec* 
tions of the spatial loop. This was originated 
by Mann and was taught by Bayley in 1942 
and earlier. The writer, with the aid of 
Ashman expanded Lewis’ theory of the forma' 
tion of the QRS complex into three dimen- 
sions, assigned to the normal spatial QRS 
loop an idealized form, and gave its various 
portions hypothetical anatomic physiologic 
significance. The extent to which the hypoth- 
esis correlates with electrocardiographic ob- 
servations in health and disease the reader 
may judge for himself. In the writer’s oj^on 



Pto. 257. On the left of each figure the 
frontal plane normal and posterior infarct QRS 
loops derived from Fig. 117 are inscribed in the 
Burger triangle. On the right of each figure the 
loops show the calculated eccentricity effects 
represented by the Burger triangle The differ* 
ence between the norma] loop (d) and the 
abnormal loop is as clear !n the one figure as in 
the other. In B eccentricity seems to exaggerate 
ihe effects of posterior infarction. The apparent 
exaggeration of the clockwise rotation of the 
heart in the lower figure Is similar to that de- 
veloped by the author by another method. 

there is little reason to continue to regard the 
QRS loop as an empirical phenomenon. 

Most of the confusion that characterizes 
electrocardiographic thinking today results 
from treatment of the QRS loop as an em- 
pirical phenomenon and from preoccupation 
with attempts to record the potentials more 
accurately to the exclusion of attempts at 
analysis. Attempts to devise more accurate 
methods of recording can never be criticized 
but the notion that the solution to the problem 
of empiricism in electrocardiography resides 
in the method of recording is false. Pre- 
sumably, it is thought that if we can just find 
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FiQ. 258. The angle between the spatbl 
QRS and T vectors. As depicted in Fig. 40, H 
(be gradient diminishes /rom G to C the spatial 
T vector becomes T {this commonly results 
from rapid rate, exercise, food, and digitalis). 
The angJe between the mean QRS and mean T 
axis widens considerably. 

On the other hand, if the gradient changes 
direction from G to Gi the mean T axis be- 
comes r» This involves precisely the same 
change in the angle between the mean T axis 
and the mean QRS as was produced by the 
change from T to T*. 

Furthermore, if tbe mean QRS increases with- 
out changing direction the same widening of the 
angle between T and QRS could be accom- 
plished. 

Thus, the spatial angle between the mean 
QRS and the mean T axes has little meaning 
except when evaluated in terms of the gradieol 


the method of recording everyihtng 

Will fall into place. Actually we will still have 
loops though of somewhat different shape; 
they will be no less empirical than the loops 
recorded by present methods. The notion 
that more accurate recording will substitute 
for analytic thinking on a physiologic basis 
is illogical. 

Afeasi/wnent of Mean Spatial Vectors 
by Three-Dimensional Methods 

TTie physiologic basts of (he spatial rela- 
tionship of the mean spatial QRS axis, the 
spatial mean T axis, the spatial gradient, and 
the anatomic axis was elucidated in Chapter 
5. The effects of abnormal conditions have 
been presented throughout this volume. The 
principle originated with Wilson, was de- 
veloped by Bayley and the spatial relationship 
of the mean spatial vectors was determined 
by Ashman, Gardberg, and Bycr. Some years 


later there appeared a number of attempts 
to determine the direction of the mean QRS 
vectors and T vectors in two perpendicular 
planes and to measure the angle between 
them in space. Obviously such attempts can 
be made by recording the potentials of the 
tetrahedron or of the cube as leads instead 
of loops, making the proper area measure- 
ments on these leads, and plotting them upon 
the ‘tetrahedron or cube respectively. It is 
doubtful whether such methods (or any of 
the more naive methods which have been 
employed) yield as reliable results as can be 
inferred from the frontal plane measurements. 

Attention must be drawn, too, to the [act 
that many of the methods for determining 
the direction of the “spatial" mean QRS and 
T vectors neglect the gradient entirely. They 
are entirely preoccupied with the spatial angle 
between the mean QRS and T axes and all 
sorts of attempts are made to establish, on 
purely empirical basts, criteria of normalcy 
for this angle. A review of Chapter 5 (Fig. 
40) will serve to remind the reader that the 
angle between the spatial mean QRS and 
spatial T vectors varies from individual to 
individual and, more important, varies con- 
siderably in the same individual under non- 
pathological as well as pathologic conditions. 
Furthermore, it has also been demonstrated 
that the angle between the mean QRS and 
mean T vectors may remain the same though 
the electrocardiogram has changed from nor- 
mal to abnormal. In Fig. 258 QRS, T, and 
C represent the resting normal spatial QRS, 
T, and gradient vectors. When the gradient 
is diminished to G', as hy a combination of 
food and physical activity, the T vector be- 
comes T'. The spatial angle between QRS and 
T increases. This is represented in Fig. 40, 
(p, 57> for a variety of cardiac positions 
and rotations. On the other hand, with the 
development of lateral wall ischemia of the 
proper degree and locadon the gradient be- 
comes Gi and the T vector becomes T,. The 
spatial angle between QRS and P is precisely 
the same as the spatial angle between QRS 
and Tf yet the former (P) is normal and 
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the latter (Tj) is abnormal. Thus the spatial 
angle between the mean QRS and the mean 
T wave is meaningless unless interpreted ac- 
cording to the principle of the gradient. The 
fact that no narrow limits can be established 
for the direction (or the magnitude) of the 
gradient is no excuse for ignoring a funda- 
mental principle which Is still the only in- 
strument available for the evaluation of T 
wave potentials. 

But even if the gradient is employed it is 
necessary to ask whether the addition of the 
anterior posterior lead adds much to the 
analysis of spatial vectors by Inference from 
frontal plane components. The principle diffi- 
culty of the simple methods of spatial vector- 
cardiography resides in their anteroposterior 
leads. Both the tetrahedron and the cube 
produce spatial loops that are compressed 
from front to back and frequently the main 
axis of the loop points forward instead of 
backward. It must be apparent that from our 
point of view the loop irt the normal may not 
point forward. Regardless of point of view 
it must be admitted that the compression of 
the anteroposterior components of the vectors 
into the narrow range that is apparent in most 
(but not all) normal sagittal and horizontal 
loops recorded with the cube, or the tetra- 
hedron makes it impossible (in most cases) 
to feel that their anteroposterior leads can 
add much to the measurement of the mean 
manifest (frontal plane) QRS, T, and gradient 
vectors. 

It has been emphasized here and previously 
by Ashman and also by Bayley that it is the 
direction and magnitude of the spatial gradient 
as related to the direction and magnitude of 
the spatial mean QRS that is important. 
However, it is important to realize that the 
theoretical approach and all calculations 
based upon it are made here and in Bayley’s 
discussions without taking into consideration 
the effect of eccentricity. If the problem is 
approached with this in mind it must be re- 
membered, when calculations are made from 
body surface potentials, that it is the QRS 
and T potentials that are recorded directly; 


the gradient potentials arc derived from these. 
We have then to consider the possibility of 
eccentricity effects upon the QRS and upon 
the T and the effects upon the gradient may 
then be derived. 

It seems to the writer that eccentricity 
effects probably commonly cause the manifest 
mean QRS and the manifest mean T vector to 
be affected in the same manner, and this 
probably accounts for the preservation of 
the order of relationship derived in theoretic 
discussions. On the other hand it also seems 
probable that the effects of eccentneity upon 
the directions of the manifest vectors, the 
QRS and T, are not infrequently different 
either in direction or of degree of deviation 
and this may account for examples of appar- 
ent lack of correlation with the theoretical 
predictions. It is to be noted that it is not 
possible to assume, even if we grant that 
single stationary dipole representation holds 
for the QRS, and for the T, that the location 
of the dipole is the same for the QRS as 
for the T potentials. It is quite possible that 
it is not. Finally, even if we grant that the 
same dipole location holds for both, the ec- 
centricity effects differ for different dipole 
axes. 

Furthermore, these difficulties are probably 
much more important in the calculation of 
gradient directions and magnitudes in the 
horizontal (or sagittal) plane than in the 
frontal plane (if these are measured with the 
cube or tetrahedron). 

Theoretically, a three-dimensional study of 
the spatial QRS loop, mean QRS, gradient, 
and T vectors may be attempted if we retain 
a fixed point of view and cause the heart to 
rotate about the anatomic axis. This occurs 
when the patient takes a deep breath; the 
electrocardiogram most often behaves as if 
the heart becomes more vertical and rotates 
clockwise. The apparent if not real clockwise 
rotation of the heart (about the anatomic 
axis) was demonstrated in normals, in left 
ventricular hypertrophy, and in many patients 
with diaphragmatic infarcts. At the same time 
the heart becomes more vertical. The impos- 
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Fia. 259. Effect of a dee)) breath upon the electrocardiogram in 
three originally counterclockwise hearts. The triaxial system of Bayley 
is employed. The diagrams show the fronul plane QRS loop, and the 
frontal plane vectors for the mean QRS. gradient and T wave; on the 
left at rest, on the right with a deep breath. 

Note that with a deep breath the loop of all three subjects (M, g, 
and C) is viewed more on edge than when at rest presumably due to 
clockwise rotation. All three also become more vertical. In A the 
vectors, as expected in an apex-forward heart, are almost super- 
imposed when the loop is on edge. In B, the vectors arc made to 
diverge more, which is not unexpected when an apex-back loop is 
viewed on edge. Again the sharp duninutton of the magnitude of the 
vectors may be presumed to result in part from the assumption of a 
more apex-back position. Eccentricity, however, undoubtedly plays a 
large part. However, it is noted that it is the T vector which points 
upward, having behaved as if it were above the plane of the loop as 
shown in Fig. J59. Both A and B are norma} subjects In C also, 
the T vector moves in the opposite direction to that seen in A 
and becomes larger. This, however, is not an apex-back heart, 
and furthermore, closer examination shows that in this projection 
the magnitude of the ventricular gradient is much diminished {n 
relation to the magnitude of the mean QRS, causing the T vector to 
assume the direction and magiutude shows. The e.rposure of the re- 
lationship (not evident without the deep breath) may prove of value. 
It is not normal for the loop in the positioa shown, for the frontal 
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sibility of measuring the degree of rotation 
is a distinct disadvantage, but the methods of 
“spatial” vectorcardiography also have dis- 
advantages. 

The rotation method presently under de- 
tailed investigation occasionally yields impor- 
tant results (Fig. 259). However, interpreta- 
tion requires great caution at this time. Some 
normal persons have gradient axes and 


therefore T axes which lie out of the plane 
of the QRS loop (Fig. 259B). A detailed 
investigation of these normals must be com- 
pleted before the method can be evaluated 
further. It is here that the effects of eccen- 
tricity upon the T potentials and QRS poten- 
tials must be considered separately. It is yet 
too early to evaluate these studies. 


plane gradient may be smaller than the frontal plane QRS only when 
the heart is is an extremely apex-back position or when food and 
vigorous exercise, postural changes, smoking, or digitalis has dimin- 
ished the gradient. In contrast, B. which shows a marked diminution 
of the magnitude of all the vectors, retains the more normal relation- 
ship between the magnitude of C and of QRS. 

The deep breath maneuver, if it is of value, may prove to be an 
instance of employment of eccentricity effects (which are different 
with full inspiration). 

Further investigation of the phenomena presented in B and C is 
required before proper evaluation can be made. For example, it is 
necessary to know whether a sustained deep breath diminishes the 
magnitude of the gradient. 

Subject C was subsequently proven to have heart disease by “un- 
earthing” two tracings made elsewhere two years before which were 
definitely abnormal, and which, somehow, were misinterpreted. 
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Appendix I 


The Quantitative Relationship between the Standard and 
Unipolar Limb Leads 


A simple derivation of the quantitative tela- 
tionshlp between the standard limb leads can 
only be made for a special example. In Fig. AI 
the vector E' represents the electromotive 
force produced by a dipole whose direction 
lies on the axis 0*. The potentials produced 
at L and R (Vl and Vji respectively) are ob- 
tained by projecting this vector E' upon the 
lines of those leads (see dashed projections at 
center of figure). Conversely, given these po- 
tentials at Vq and Vi, the magnitude and direc- 
tion of the vector E' can be deduced. 

Passing on to the bipolar or standard limb 
leads, it may be seen that the direction of E' 
has been chosen so that its projection upon 
Lead I will equal the magnitude of the vector 
which will be constructed from the standard 
limb leads, for E' is parallel to Lead 1. 


J) Lead I 

2) Vi,=(E' cos 30*), and 
Vb=(-E' cos 30*) 

substituting these values in (1) we have 

3) LeadI=E' cos 30*-(-E' cos 30*) 

=E' cos 30“+E' cos 30* 

=E' 2 cos 30* 
since cos 30*=l/2 V» 

4) Leadl^E'V* 

Thus for this special case it is shown that 
the vector E' as reflected on the standard limb 
leads is larger by V* than E' which is con- 
structed from the unipolar limb leads. 

Those interested in the derivation of this 
relationship for the general case should con- 
sult the paper by Hill {Am. Heart }., J2.72: 
1946). 

Goldberger produced the augmented uni- 


I*Vl-Vp • E‘Cos50-^-Ecos50*)=E'2cos50*“ E’V? 
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polar limb leads (aV leadsX in an attempt to 
bring the unipolar limb leads in closer cor- 
respondence to the standaVd/limb leads. His 
technique as shown in Chapter 1, p. 9, in- 
volved disconnecting each electrode in turn 
from the central terminal (see Fig. 7). It 
may be shown that 


Vn+Vp 


(b) WhUe Vi.=Vi,- 


VirKVn+Vp 


2, Multiplying 1 (a) by 2 and 1 (b) by 3 

(a) 2 aVi,=2 Vl-Vb-Vp 

(b) 3 Vb =3 Vt-Vt-Vs-Vp 

(c) 3 Vb =2 Vb-Vb-Vp 

(d) 2 aVi.=3 Vb 

(e) aVB=3/2 
Thus aVB=1.5 Vj, 

Since V»= 1.732 it may be seen that the 
Goldberger leads must be recorrected to be 
brou^t into proper relationship with the 
standard limb leads. 
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Tables A and B are reproduced from Ash- 
man, R., and Hull, E. “The Essentials of 
Electrocardiography.” The MacMillan Co., 


New York with the kind permission of the 
authors and publisher. 


TABLE A. UPPER UMITS OF THE NORMAL P-R INTERVALS 



Below 




Above 

Rate 

7a 

71-90 

91-110 

I11-I30 

130 

Large Adults 

0.21 

0.20 

0.19 

0.18 

0.17 

Small Adults 

0.20 

0.19 

0.18 

0.17 

0.16 

Children, ages 14 to 17 . . 

0.19 

0.18 

0.17 

0.16 

0.15 

Children, ages 7 to 13. . . 

0.18 

0.17 

0.16 

0.15 

0.14 

Children, ages IVi to 6.. 

0.17 

0.165 

0.155 

0.145 

0.135 

Children, ages 0 to . . 

0.16 

0.15 

0.145 

0.135 

0.125 
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TABLE B. NORMAL Q-T INTERVALS AND THE 
UPPER LIMITS OF THE NORMAL 


Cycle 

Lengths 

Sec. 

Heart 

Rate 

PER 

MlN. 

Men and 
Children 
Sec. 

Women • 
Sec. 

Upper Limits 

OF THE Normal 

Men and 
Children 
Sec. 

Women 

Sec. 

1.50 

40 

0.449 

0.461 

0.491 

0.503 

1.40 

43 

0.438 

0.450 

0.479 

0.491 

1.30 

46 

0.426 

0438 

0.466 

0.478 

1.25 

48 

0.420 

0.432 

0.460 

0.471 

1.20 

50 

0.414 

0.425 

0.453 

0.464 

1.15 

52 

0.407 

0.418 

0.445 

0.456 

MO 

54.5 

0.400 

0.411 

0.438 

0.449 

1.05 

57 

0 393 

0.404 

0.430 

0.441 

1.00 

60 

0.386 

0.396 

0.422 

0.432 

0.95 

63 

0.378 

0.388 

0.413 

0.423 

0.90 

66.5 

0.370 

0.380 

0.404 

0.414 

0.85 

70.5 

0.361 

0.371 

0.395 

0.405 

0.80 

75 

0.352 

0.362 

0.384 

0.394 

0.75 

80 

0.342 

0352 

0.374 • 

0.384 

0.70 

86 

0.332 

0.341 

0.363 

0.372 

0.65 

92.5 

0.321 

0 330 

0.351 

0.360 

0 60 

100 

0.310 

0.318 

0.338 

0.347 

0.55 

109 

0.297 

0.305 

0.325 

0.333 

0.50 

120 

0.283 

0.291 

0.310 

0.317 

0.45 

133 

0.268 

0.276 

0.294 

0.301 

0.40 

150 

0.252 

0.258 

0 275 

0.282 

0.35 

172 

0.234 

0.240 

0.255 

0.262 



Appendix IH 


Summary of Grishman’s analysis of the effects 
of infarcts in various locations upon the 
spatial QRS loop as recorded with the double 
cube frame of reference. 


Reproduced from Grishman, Arthur: 
Spatial Veclorcardiogfaphy, W. B. Saunders 
Co., Philadelphia, with the kind permission 
of the author and the publisher. 


MYOCARDIAL INFARCTION - VENTRICULAR COMPLEX 


RESULTANT (R) OF NORMAL VECTORSfNJ AND OF ABNORMAL 
VECTORIAL FORCES {—*) DUE TO MYOCARDIAL INFARCTION 


DIAPHRAGMATIC WALL 

ANTERO -SEPTAL WALL 

H S F 

^ (7 W 

^ 0 


POSTERIOR WALL. 

H S F 


■tiM-j;i;fewamiifl 111 1 Hi I'hWw HI l lli| lili'l \n^m 
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0 ^ a 


N'NORMAL VECTORS F* FRONTAL PROJECTION —♦‘INFARCTION VECTOR 
R«RESULTANT VECTORS S» SAGITTAL PROJECTION •» SAME, PERPENDICULAR 
H' HORIZONTAL PROJECTION IN DIRECTION TO PLANE 
OF PROJECTION 
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Aberration of QRS complex, in auricular pre- 
mature beats, 245 
in auricular fibrillation, 261 
in paroxysmal tachycardias, 256 
Addison’s disease, 279 
Amyl nitrite, 273 

Angina pectoris, 71, 79, 112-136, 192-204 
Arrhythmia, sinus, 239-240 
Auricular fibrillation, 258, 260-263 
aberrations of QRS in, 261 
distinction from ventricular paroxysmal 
tachycardia, 262 
A-V block in, 258-259, 261 
carotid sinus stimulation in, 261 
mechanism in, 260-261 
T waves in, 263 
Auricular flutter, 258-260 
carotid sinus stimulation on, 260 
Impure, 260 

Auricular paroxysmal tachycardia, 240 
See also Paroxysmal tachycardias 
Auricular premature beats. 240-244, 244-246 
in superventricular tachycardia, 256 
A-V block. See Heart block 
A-V nodal paroxysmal tachycardia, 256 
A-V nodal rhythm, 248-249 
Axis, anatomic, of the heart, 23 
anterior-posterior, 23 
vertical, 23 
deviation, 27 
electrical, 27 

xofiaiv ckfiaWno and Se}trJsi.'t2tfoa cS, 27 
Beri-beri, 283 

Bipolar lead, definition of, 4 
Bradycardia, sinus, 239 
Burger triangle, 295 

Cardiac mechanism disturbances, 79 
Cathode-ray oscilloscope, 286-288 
Central terminal, definition of, 4, 7 
Chest leads. See Precordial leads 
Children’s electrocardiograms, 227-237 
evolution of changes from birth to cUId- 
hood. 77, 78 
T waves in, 235 
variations in, 227-237 

Conduction, refractory period and, 240-244 
Congenital heart disease, 283 


Congestive heart failure, effect on ventricular 
gradient, RS-T shifts and T waves, 
199 

effect on QRS complexes, 204 
Coronary disease, 112-211 
angina pectoris, induced and spontaneous, 
112-136 

exercise tests in diagnosis of, 1 15-122 
norma] vs. pathologic exercise effects and, 
115-124 

RS-T shifts following exercise, 118 
RS-T shifts due to digitalis vs. coronary 
disease, 125, 192-204 
following exercise, 118 
due to large gradient vs. coronary dis- 
ease, 123 

due to rapid rate vs. coronary dis- 
ease, 122 

serial T wave changes in diagnosis of, 
124-128 

serial EKG changes in diagnosis of, 
when initial tracing is normal, 192- 
211 

significance of nonpathologic factors in 
evaluation of EKG’s in, 128-135 
T wave changes following premature 
beats in, 135 

following exercise and, 119-122 
See Myocardial infarction 
Cor pulmonale, 238 

t>epolatjizatioo^ defirullon of, 10 
of interventricular septum, 17-20 
in left bundle branch block, 104-111 
in nght bundle branch block, 92-103 
of left ventricular wall, 17-20 
of a mass of muscle, electrical effect of, 
12-16 

of right ventricular wall, 17-20 
of syncytium, 10 
of ventricles, normal, 17-20 

in left bundle branch block, 104-111 
in right bundle branch block, 92-103 
See Injury 
See QRS complex 
Digitalis, 266-27! 

combined effect of rapid rate and digitalis, 
199, 267-268 
dosage and effect of, 269 
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Digitalis (conid.) 
effects on cardiac mechanism, Z71 
on P wave, 266 
on P-R interval, 271 
on Q-T interval, 90 

on RS-T segments, 123, 175, 192-204, 
266 

on ventricular gradient, 60 
in left ventricular hypertrophy 90, 192-204 
serum potassium and, 271 
toxic rhythms due to, 271 
A-V block. 271 
bigeminy, 271 

ventricular premature beats, 271 
ventricular tachycardia, 258, 271 
Dipole field of potential of, in volume con- 
ductor, 4-6 

effects of eccentricity of, 288, 290-292 
single dipole representation, discussion of. 
289-292 
Drugs, 92 

Ectopic rhythms, 248*249 
auricular, 248 
A-V nodal, 248-249 
interference dissociation, 249, 254 
shifting pacemaker, 249 
ventricular, 249 
Einthoven’s law, 9 
Einthoven triangle. 7 
Electrical axis, 27 
Electrolyte disturbances, 276-279 
Emetine, 273 
Escaped beats, 252 
Excitation, definition of, 10 

solid angle representation of eieclrical 
effects of, 30 

spread of in heart muscle, 10 
vector representation of electrical effects 
of, 10-16 

Frontal plane, 8 

Frontal plane loop, construction of, from limb 
leads, 26 
definition of, 21 

Glomerulonephritis, 280 
Goldberger unipolar limb leads, 8-9 

Heart block. 249-254 
in auricular tachycardias, 249-250 
due to change in junctional tissues, 250 
complete A-V block, 253 
auricular rhythm in, 253-254 
A-V nodal rhythm in, 254 
in myocardial infarction, 254 
in rheumatic carditis, 254, 283 
Stokes-Adams syndrome in, 254 


Heart block, due to change in junctional 

tissues, complete A-V block (conld.) 
ventricular rhythm in, 254 
partial A-V block. 250-253 
dropped beats in, 250 
escaped beats in, 250 
P-R interval in, 252, 253 
Hypercalcemia, 279 
Hyperkalemia, 276-278 
digitalis in, 277, 278 
glucose and insulin in, 275 
increase of serum calcium in, 277, 278 
Hyperteosioa, 283 
Hyperthyroidism, 280 
Hypertrophy of both ventricles, 224-226 
precordial leads in, 275 
QRS loops and limb leads in, 224-225 
and right bundle branch block, 225 
Hypertrophy of the left ventricle. See Left 
ventricular hypertrophy 
Hypertrophy of the right ventricle. See Right 
Ventricular hypertrophy 
Hypocalcemia, 278-279 
Hypokalemia, 276-278 
Serum calcium and, 277, 278 
digitalis and, 277 
Serum sodium and, 277, 278 
Hyponatremia, 278 
and hypokalemia, 277 
Hypothyroidism, 280 

Injury, current of, 69 

endocardial mjury, 72, 75*79, 166-175, 189, 
199 

epicardial injury, 71-79, 166-175, 189 
effect of on QR5 complexes, 74 

on RS-T segments in prccordial leads, 
73, 76 

in limb leads, 72-73 
RS-T segment shifts in, 69-79 
in angina pectoris, 71, 79, 112-lIS 
in patients with initially abnormal EKG, 
192-204 

io presence of left bundle branch 
block. 192-204 

in presence of left ventricular hyper- 
trophy, 192-ZOi 

in relation to myocardial infarction, 
69-79, 136, 166-175, 192-204 
Interventricular septum, infarction of, 148- 
154, 191 

depolarization of, normal, 17-20 
In left bundle branch block, 104-111 
in right bundle branch block, 92*103 
Inlcr/erence dissociation, 249, 254 
Ischemia. 71-79. 80-87 
in angina, 80, 82 



IKDEX 


311 


Ischemia (contd.) 

apical ischemia, 81, 82 
diaphragmatic ischemia, 81 
lateral ischemia, 80 
limb leads in, 80-82 

in myocardial infarction. 72-79, 166-175 
precordiat leads in, 82-86 
Q-T interval in, 71, 83, 127 
repolarization in, 71-72 
ventricular gradient in, 54-57, 63, 81-82 

Junctional premature beats, 245-246 

Left bundle branch block, 104-111 
incomplete, 106 

difficulty in distinguishing from left ven- 
tricular hypertrophy and septal in- 
farction, 109 
limb leads in, 104 

in myocardial infarction, 189, 190-204 
in paroxysmal tachycardias, 256 
precordial leads in, 104 
QRS loops and complexes in, 104-109 
variations, 111 
T waves in, 109, 111 
Left ventricular hypertrophy, 87-91 
effect of congestive heart failure in. 90 
of digitalis in. 90, 195-200 
myocardial infarction and. See Myocardial 
infarction 

precordiat QRS complexes in, 87 
absence of R in V leads on the right in, 
88 

QRS complexes and loops in, 87-90 
T waves in, 89 

ventricular gradient in, 89-90 
Left ventricular "strain,'’ 282 
Long axis of the heart, 23 

Monophasic action potential curve, 38 
effect of cooling upon, 36-48 
heart rate and, 43, 48 

ventricular gradient expressed in terms of, 
50 

Myocardial infarction, 136-21 1 
added infarction, 166 

left bundle branch block and, 189, 190-204 
right bundle branch block and, 190 
endocardial infarction, 171 
injury phenomena and, 69-79, 136, 166- 
175, 192-211 

reversibility of injured state in, 166-175, 
185 

in patients with initially abnormal tracings, 
192-211 

due to left bundle branch block, 192-204 
due to left ventricular hypertrophy, 192- 
204 


Myocardial infarction, in patients with initially 
abnormal tracings (conid.) 
due to previous infarction, 204-211 
QRS loop and complexes in apical infarc- 
tion, 155 

silent apical infarcts, 158-159 
apical infarcts without Q waves in pre- 
cordial leads, 159 

QRS loops and complexes in high anterior 
infarctions, 159-161 

QRS loops and complexes in infarcts in 
combined locations, 161 
QRS loops and complexes in diaphragmatic 
infarction, 143 

difficulty in distinguishing from normal, 
146-147 

difficulty in distinguishing from left ven- 
tricular hypertrophy, 147,283 
evaluation of V( in, 14^147 
evaluation of esophageal lead in, 147 
late QRS changes following (in the absence 
of additional coronary events), 183 
due to changes in intraventricular con- 
duction. 183. 189, 195 
due to left ventricular hypertrophy, 185, 
195 

due to changes in cardiac rotation, 183, 
195 

QRS loop and complexes in lateral (pos- 
terolateral) infarction, 137-143 
QRS loop and complexes In septal infarc- 
tion. 148-154 

anteroseptal infarction, difficulty in dis- 
tinguishing from chronic pulmonary 
disease, and right ventricular dila- 
tation, 151, 159 

difficulty in distinguishing from left ven- 
tricular hypertrophy and incomplete 
left bundle branch block, 109, 143, 
151 

transmural septal infarction, 149, 191 
RS-T and T wave changes in, 69-79, 136, 
166-175 

persistent RS-T shifts in, 174 
T wave changes following, acute, 60-79, 
136, 166-17S 

disappearance of, due to left ventricular 
hypertrophy, 189 

due to left bundle branch block, 189 
Spatial T vector in, 177-181 
Myocarditis, 284 
diphtheritic, 285 
Fiedler’s, 285 
rheumatic, 284 

P wave in atrial enlargement, left, 227 
right, 223 

in auricular flutter. 260 
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P wave in atrial enlargement {contei.) 
definition, 1 

in ectopic rhythms, 248-249 
in hyperkalemia, 276 
in paroxysmal tachycardias, 255 
qumidine and, 272 
in rheumatic carditis, 284 
Parasystolic phenomena, 247 
Parathyroid disease, 279 
Paroxysmal tachycardias, 255 
aberration of QRS complexes in, 256 
auricular, 255, 256 
nodal, 256 
supraventricular, 255 
in Wolff. Parkinson-White Syndrome, 
256-257 

ventricular, 257-258 
Pericarditis, 73, 237, 283 
Polarized membrane theory, 9 
Potassium. See Hyperkalemia and hypoka- 
lemia 

Potential, definition, 3 
development of tn heart muscle, 9-33 
dtstribution of in volume conductor. 4-6 
limb lead potentials, vector representation 
of. 7,21-29 

precordial potentials, solid angle representa- 
tion of, 31-33 

single dipole representation of cardiac 
potentials, 4-9. 289*290 
vector representation of, 4-9 
vectorcardiographic representation of. 266. 
303 

Precordial leads, 30 

electrode placement for recording of, 31, 
36 

effect of non-pathotogic factors on T waves 
in, 40 

solid angle representation of potentials in, 
31-33 

Pregnancy, position of heart in, 59 
Premature beats, 244-248 
auricular, 240-244, 244-246 
blocked, 244 

timing of in relation to disease, 244 
interpolated, 245 
P-R interval of, 244 
as a sign of disease of junctional tissues, 
245 

ventricular conduction aberrations fo, 245 
junctional, 245-246 
P waves in, 245-246 
P-R interval in, 245-246 
ventricular, 246 
bigeminy, 247 

escaped beats following, 246 
combined forms, 247 
compensatory pause following, 246 


Premature beats, ventricular (conld.) 
interpolated, 246 
multifocal, 247 
QRS complexes in, 246 
retrograde conduction in, 246 
T wave changes following, 135-137 
trigeminy, 247 
P-R interval, definition, 1 

in auricular premature beats, 242-244, 
244-246 

in A-V block (partial). 252, 253 
in A-V nodal rhythm, 24S 
digitalis effects upon, 271 
electrolyte disturbances and, 276 
maximum normal values for, 305 
quinidine effects upon, 272 
in sinus arrhythmia, 239-240 
effect of rheumatic carditis tn, 240 
in thyrotoxicosis, 239 
P-Q segment, definition, 1 
Pulmonary disease, 23S 
difficulty in distinguishing from healed an- 
terior infarction, 238 
Pulmenary embolism, 237 

Q wave, definition, 1 

in myocardial infarction. See Myocardial 
infarction 
normal, 21-26 
QRS axis, definition of, 27 
QRS complex, definition, 1 
aberrations of, m auricular fibrillation, 261 
in auricular premature beats, 245 
in paroxysmal tachycardias, 2S6 
jn congestive heart failure, 204 
in cor pulmonale, 238 
in hyperkalemia, 276-278 
in hypertrophy of both ventricles, 224-226 
in left bundle branch block, 104-109 
in left ventricular hypertrophy, 87-90 
in myocardial infarction. See Myocardial 
infarction 

normal, formation of in limb leads, 17-29 
changes in due to cardiac rotations, 
21-29, 45 

in precordial leads, 30-37 
in pulmonary disease, 238 
qumidine effects upon, 272 
effects of rapid rate, 239 
in right bundle branch block, 92-103 
with left ventricular hypertrophy, 102 
in right ventricular hypertrophy, 215-224 
with left ventricular hypertrophy, 224- 
226 

secondary changes in, due to current of 
injury, 43 

vector analysis of, in limb leads, 21-29 
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QRS complex {contd.) 
vector loop representation of, 21-29 
frontal plane, 21-29 
spatial, 21-29 

QRS loop, appli'cattoo of idealized model of 
to EKG analysis, 26-29, 64 
definition of, 21 
and frontal plane loop, 21-29 
spatial QRS loop, 21-29, 288 
in children, 227 

in hypertrophy of both ventricles, 224- 
226 

in left bundle branch block, 104-109 
in left ventricular hypertrophy, 87-90 
in myocardial infarction. See Myocardial 
infarction 

in right bundle branch block, 91*103 
in right ventricular hypertrophy, 215-224 
with right bundle branch delay, 218- 
221 

techniques of direct recording of, 289- 
299 

QRS vector, mean spatial, 29 

spatial relationship of. to spatial gradient 
vector and to long axis of heart, 52 
relationship to mean spatial T wave axis, 

44- 67, 296-299 
QRS-T relationship, 44-67 

in left bundle branch block, 109-111 
in left ventricular hypertrophy, 89*90 
normal variations, 44-67 
effect of changes in anatomic axis, 44-46, 
S8 

effect of rotation about anatomic axis, 

45- 58 

effect of rotation about vertical axis. 59 
effect of noo-palbological factors on, 45, 
48, 57-67 

in right bundle branch block, 100-101 
ventricular gradient as an instrument for 
evaluation of, 53-63 
Q'T interval, definition, 1 
average and maximum normal values for, 
306 

digitalis effects upon, 90 
emetine and, 276 
in glomerulonephritis, 280 
in hypocalcemia, 279 
in ischemia, 71, 83, 127 
quinidine effects upon, 72 
Quinldine, effects on mechanism disturbances, 
273 

on myocardial physiology, 271 
on P waves, 272 
on P-R interval, 272 
on QRS complexes, 272 
on Q-T interval, 272 
on T waves, 271 


Quinine, 273 

R wave, definition, 1 
R' wave, definition, 1 
Refractory period, 240-244 
absolute and relative, 240 
effects of cycle length upon, 241 
effects of refractoriness upon conduction, 
241-244 

at onset of auricular tachycardia, 242 
in partial A-V block, 250-251 
Repolarization, 31 
in cooled muscle, 42 
effect of cycle length upon rate of, 46-47 
in injured muscle, 69 

in ischemic muscle, 70, 71, 80-86, 166-175 
in normal muscle, 38 

venlncular gradient as measure of net effect 
of local differences in rate of, 50-53 
Rheumatic myocarditis, 283 
Rheumatic valvular disease, 283 
Right bundle branch block. 92-103 
difficulty in distinguishing from right ven- 
tricular hypertrophy, 218-221 
formation of QRS loop and complexes in, 
92-103 

incomplete, 101-102 

simulating left bundle branch block to limb 
leads, 94 

with left ventricular hypertrophy, 102 
in paroxysmal tachycardia. 256 
with right ventricular hypertrophy, 218-221 
T wave in, 100 

Right ventricular hypertrophy, 215-224 
difficulty in distin^ishing from right bundle 
branch block, 221 

formation of QRS loop and complexes in, 
215-221 
lead Vi in. 223 
lead VjR in, 224 
Rotations of the heart, 23 
about anatomic axis, 23, 58 
about anteroposterior axis. 23, 58 
about vertical axis, 23, 59 
effects of change in posture on, 26 
effects of respiration on, 58, 59, 177-181 
effects upon T waves and R^T relationship, 
58. 59. 177-181, 195 

exaggeration of effects of, by eccentricity 
of the heart. 26, 288, 290-292 
RS-T segment, definition. 2 
shifts of, due to angina pectoris, 71, 79, 
112-136 

due to digitalis, 123. 175, 192-204 
due to exercise, 118 
in hypocalcemia, 279 
in hyperkalemia, 276 
in hypokalemia, 277 
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RS-T segment, shifts of (contd.) 

in injury, 69-79, 156, 166-175, 192-204 
in left bundle branch block, 111, 175, 
192-204 

in left ventricular hypertrophy, 89, 175, 
192-204 

in myocardial infarction, 69-79, 136, 
166-175, 192-211 
in myocarditis, 258 
in normal tracings, 51, 115-119 
normal vs. abnormal RS-T shifts, 115- 
124 

in pericarditis, 73, 283 
due to rapid rate, 51, 115-119, 122, 192- 
204 

S wave, definition, 1 
formation of in limb leads, 21-26 
in precordial leads, 34-37 
S' wave, definition, 1 
Shifting pacemaker, 249 
Single dipole representation, 289-290 
Sinus arrhythmia, 239-240 
A-V nodal escaped beats in, 240 
P-R interval in, normal, 239-240 
in rheumatic carditis, 240 
Sinus bradycardia, 239 
Sinus tachycardia, 239 
Solid angle, 31 

Spatial vector electrocardiography, 296-299 
spatial angle between spatial mean T vector 
and spatial mean QRS vector. 296- 
297 

spatial mean vectors and analysis, 296-299 
Standard limb leads, definition, 7 

quantitative relationship to unipolar limb 
leads. 8, 303 

Syphilitic heart disease, 98 

T wave, analysis of, employing monophasic 
action potential curves, 31, 32 
definition of, 1 
in angina pectoris, 112-136 
in auricular fibrillation, 263 
in left bundle branch block, 109, III 
in children's electrocardiograms, 235 
digitalis effects upon, 49, 60, 123 
exercise effects upon, 60, 119 
food effects upon, 49, 60, 128-135 
formation of, introduction to, 38-50 
in glomerulonephritis, 280 
in hyperkalemia, 276, 278 
in hypokalemia, 276, 278 
in hypothyroidism, 280 
in injury, 69-79 
in ischemia, 71-79, 80-87 


T wave (contd.) 

in myocardial infarction. See Myocardial 
infarction 

in pericarditis, 73, 237 
postural changes in, 45, 66, 131 
in precordial leads, normal, 36 
in pulmonary disease, 238 
quinidine effects on, 271 
rate change effects, 43, 48, 60 
regression, SI 

relation to QRS, the ventricular gradient, 
See QRS-T relationship 
representation as mean vector, 43 
in right bundle branch block, 100 
ventricular gradient only method of finding 
orders in, 54, 61 

in left ventricular hypertrophy, 89 
following ventricular premature beats, 135- 
137 

T wave loop, 43 
in left bundle branch block, 109 
in right bundle branch block, 100 
Tetrahedron, as a frame of reference for 
spatial vectorcardiography, 101 

U wave, definition, 1 
exercise effects upon, 120 
In hypokalemia, 277 
inverted, significance of. 128 
Unipolar lea^, definition of, 4 
unipolar limb leads, 7, 21 
vector analysis, 7 
unipolar precordial leads, 30 

Vector, definition of, 4 
analysts, introduction to, 4-6 
of standard limb leads, 7 
of unipolar limb leads, 7 
frontal plane, definition of, 8 
frontal plane gradient, 50 
mean frontal plane QRS, 28 
vpAtA ynif/tnA, 2% 
spatial QRS, 29. 296 

spatial angle between mean spatial QRS and 
mean spatial T, 296 

spatial relationship of spatial mean QRS, 
spatial gradient and anatomic axis, 
50, 296 

Vectorcardiography, 286, 299 
spatral, 286, 288 
method, 289-299 

Ventricles, depolarization of, 17-20 
Ventricular fibrillation, 254 
Ventricular flutter, 254, 258 
Ventricular gradient, 50-67 
definition, 50 

frontal plane, measurement of, 50 
IB left bundle branch block, 63 
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Ventricular gradient (contd.) 

in left ventricular hypertrophy, 63 
normal variations in magnitude and direc- 
tion of, 54, 58 

in right bundle branch block, 63 
significance of, 53, 54, 61 
in evaluation of T wave changes in 
ischemia, 54-57, 63, 81-82 
Ventricular paroxysmal tachycardia, 257-258, 
27J 


Ventricular paroxysmal tachycardia (contd.) 
distinction from auricular fibrillation with 
QRS aberrations, 262 

distinction from supraventricular tachy- 
cardia with QRS aberration, 256 
QRS complexes in, 257-258 

Wolff-Parkinson-White Syndrome, 256-257, 
263 



